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2.1 INTRODUCTION

In this chapter, we provide a tutorial review of an often-overlooked
aspect of Metal Enhanced Fluorescence (MEF), namely the modification of the
spectral profile of emission [1]. Decay rates (radiative and total) of a
fluorophore are strongly modified in MEF conditions, as a result of
electromagnetic (EM) coupling to localized surface plasmon (LSP) resonances
in the metallic substrate [2,3,4,5,6,7,8,9,10,11,12]. These decay rate
modifications are, as the underlying LSP resonances, wavelength-dependent, a
fact that has recently been discussed in detail [13]. These well-accepted facts
should naturally result in a modification of the spectral profile of fluorescence in
MEF conditions, in addition to the “standard” modifications of the fluorescence
intensity (enhancement or quenching). Despite this, spectral profile
modifications (SPMs) in MEF conditions have hardly been discussed in the
literature, neither theoretically nor experimentally. Up until recently, there had
only been isolated reports of small SPMs, typically mentioned in passing in
studies dedicated to other aspects of MEF [11, 14]. We have presented in Ref.
[11 a theoretical and experimental study dedicated entirely to this particular
aspect of MEF (called Surface Enhanced Fluorescence (SEF) in Ref. [1]; MEF
and SEF will be used with the same meaning in this chapter). The content of
this chapter is therefore largely based on an extension of the concepts and results
of Ref. [1], where several of the mechanisms of Spectral Profile Modification
(SPM) discussed below were first proposed and evidenced.

This chapter is organized as follows. In Sec. 2.2, we review some basic
aspects of the free-space fluorescence process and of its modification close to
metal surfaces (MEF). These concepts are then extended in Sec. 2.3 to discuss
the various mechanisms of spectral profile modification that can be expected in
MEF conditions. Experimental demonstration of some of these concepts is

Spectral Profile Modifications in MEF
Edited by Chris D. Geddes.
Copyright ©2010 John Wiley & Sons, Inc

25



Spectral Profile Modifications in MEF Le Ru et al

provided in Sec. 2.4. Finally, we discuss in Sec. 2.5 some extensions of these
concepts and experiments along with possible future research directions.

2.2 PRELIMINARIES

2.2. 1. Notations And Assumptions

Let us briefly go through some of the notations and assumptions that
will be used throughout this chapter. Units are indicated in brackets [...] when

deemed useful.
The fluorophore (emitter) will always be assumed to be embedded in a

non-absorbing dielectric medium of refractive index #,, (or relative dielectric
constant €,, = (n,, )2 real). The excitation is assumed to be monochromatic
(e.g. a laser) at angular frequency @, [rad s7! ]. The excitation density is
denoted S, [W m 2] (S refers to the Poynting vector). Alternatively, the

number of photons per unit area per unit time N, =S5, /(h®,) [m 25
may be used.

The signal (e.g. fluorescence) intensities will be characterized by their
powers P [W]. The spectral profile is characterized by the spectral density
n(w) [rad_l]. By definition, the number of photons per unit time at a

frequency between @ and @+dw@ is n(@W)dw.

The total power is then given by:

P= _[ham(w)dw. Q)

Experimental spectra will be denoted (@) [counts per second, or arb,
units] and correspond to the number of photons per unit time, i.e. they are
proportional to the spectral density n(@) .

To avoid unnecessary complications in the presentation, we will ignore
any vectorial, tensorial, or molecule orientation effects, unless specifically
stated. This docs not affect any of the conclusions, and they can always be
included at a later stage if judged necessary.

2.2. 2. Spectral Profile Of Fluorescence: Free-space Case
In order to discuss any modification to the fluorescence spectral profile,
it is important to first understand its origin for a free fluorophore. The model of

fluorescence that we discuss below has been simplified as much as possible and
retains only the features that are necessary for the generalization to the MEF
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case. In particular, most of the paramecters of this model are introduced
phenomenologically. The connection to the underlying molecular electronic and
vibrational properties is only discussed qualitatively. More detailed descriptions
of the fluorescence process can be found in molecular spectroscopy textbooks
[15, 16]. Note that the superscript “0” will be used for all free-space properties,
to distinguish them from their modified counterparts in MEF conditions (without
superscript).

2.2. 2.a The Fluorescence Process

Let us consider a typical fluorophore, with ground (S, ) and excited
(S1) singlet electronic states. The energy states in the vibrational (or vibronic)
substructure will be denoted Sy(€0,) S,(a)v), where @, is the vibrational
frequency. The lowest energy state in Sy (S)) is accordingly denoted Sp(0)
S1(0). This vibrational substructure is quasi-continuous for most fluorophores
(with say, more than = 50 atoms) and can be characterized by a vibrational (or
vibronic) density of state Do(@0,) in Sp and Py(@,) in S;.

The transition energy between S,(0) and S,(0) is denoted A e, .
This fluorophore is excited by monochromatic light (a laser) at angular
frequency @), > @),. The fluorescence process is represented schematically in

the simplified Jablonski diagram of Fig. 2.1(a) (see Sec. 2.3) and consists of
three separate steps.

Absorption:

The first step corresponds to the absorption of a photon (of energy

@, ), resulting in the excitation of an electron from the ground (SO) to the
excited electronic state (.5,). More precisely, the transition occurs from a state

Se(@,p)in the substructure of S, to a state S,(@,;) in the substructure of S,

and energy conservation therefore requires @,; — @,, + @ = @, . Moreover, at

thermal equilibrium at a temperature 7", the probability of occupation for the
initial electron in S can in principle be determined from p,(@,) (and is

typically within a range ~ k,T fromS,(0)). At room temperature the energy

kpT is of the order of 200 cm ! and we will assume for simplicity that it is
negligible compared to the other energy scales in the system. This is equivalent
to assuming 7' = 0 K and neglecting any thermal excitation effects. In this case
the initial state for the transition is S (0) .

Optical absorption can be described in terms of the absorption cross
section O'sz [m2 ] of the molecule. For excitation at @), , the power absorbed
is then given by:
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P = 02 (@,)Sy, @)

For fluorophores, Oy, (@),) can easily be measured experimentally in
UV /V is absorption experiments. Note that the spectral profile of absorption is
intricately related to the vibrational density of state p,(@,) (and more precisely

to overlap integrals between vibrational states within the Franck-Condon
approximation). It can therefore be used as an experimental probe of the
vibrational density of state.

Relaxation:

The second step is then that of energy relaxation within the excited
state.S;. This typically occurs through vibrational relaxation (or possibly

through interactions with the environment) on picosecond time-scales;
sometimes even hundreds of femtoseconds for large molecules. This step is
probably the least understood, but is in most cases irrelevant because it is much
faster than the other processes. It results, in fact, in fast thermalization of the

excited electron in ;. Neglecting thermal excitation, the electron reaches the

lowest state S, (0) , typically within picoseconds [15].
Decay:

The final step corresponds to the decay of the electron from S, (0) toa

state S;(@,) in the substructure of the electronic ground state. This decay may
be radiative, i.e. it results in emission of a photon at angular frequency
@ = Wy — @, ; this is what is detected as fluorescence. It may also be non-

radiative and the energy is then lost to other degrees of freedom in the system
(for example to internal rotations, to the solvent, or to the triplet state). All
decay mechanisms are stochastic processes and are therefore characterized by
their probability of occurring per unit time or rate; in this case the radiative

decay rate Fgad and the non-radiative decay rate F%R . The total decay rate is
then I3, =T3,,+ %, and (T'%,)" is the excited state lifetime. Moreover

all possible decay paths compete with each other. The quantum yield Q0 -
corresponding to the proportion of electrons decaying radiatively— is then
defined as Q° =I5, /T3,. Following decay to S, the absorption /

relaxation / emission cycle can then start again.

In this simple description, we have not considered possible additional
effects such as: excitation to a higher excited state, saturation effects, or inter-
system crossing (transition to the triplet state). These will be ignored throughout
for simplicity.
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In most fluorescence models where the spectral profile is ignored, the
emitted fluorescence power is then simply given as PF(:uo = O'gbsQOSIm. This
can alternatively be characterized by a fluorescence cross-section:
O'gluo = O'gbsQo. We now adapt this standard argument to account for the
spectral dispersion.

2.2. 2.b A Model For The Spectral Profile

The spectral profile of fluorescence is characterized by the @, -

dependence of the fluorescence intensity. Within the simple description given
above, it is therefore governed by the final step in the process, i.e. decay from

5,(0) to Sy(®,) , which we now study in more detail.

We first need to define the radiative decay rate at frequency @;.
Because of the continuous nature of @, we have to consider all transitions
from S,(0) to Sy(®, = @), — @) at frequencies @ within a small frequency
range: @ S@WS W +da@;. Their radiative decay rate is by definition

Yo (@)day. ¥e..(@) [rad™ ] can be viewed as the spectral density of the

radiative decay rate. This will in most cases be a parameter determined by
experiments, but is in principle directly related to the ground state vibrational

density of state p,(@,) (and to overlap integrals within the Franck-Condon

approximation). The (total) radiative decay rate is then obtained by integration
of its spectral density over the entire fluorescence spectrum, i.e.

r(})lad = I ygzd (a)s)dws- 3

The non-radiative decay rate is l"gm as before (its spectral density is
irrelevant here) and the total decay rate is therefore as before
[, =T34+ - The spectral density of the radiated (fluorescence) signal
is then:

a,
Mg (05) = £R24 232 @

The spectral profile of fluorescence is therefore entirely determined
(phenomenologically) by the @ -dependence of y,‘{ad(a)s). This is linked,

microscopically, to the density of states (@, — @) in the substructure of

S, and the matrix elements of the respective transitions (or overlap integrals of
the vibrational states).
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The total fluorescence power is then obtained using Egs. 1 and 4 as

0 0-Eff .0 0-Eff o
— N . -Eff _ * Rad
})Fluo - Q o-AbsS[nc with Q - ro ’ %)
Tot
where QO_EFr is an effective quantum yield and the effective radiative
decay rate has been defined as:
0-Eff _ J- Wy
rRad - _w_ ﬁad(a)s )dws- (6)
L

It is interesting to highlight the fact that, strictly speaking, the effective
radiative decay ]“;’{jﬁ that enters this expression is different to the real

radiative decay rate Fgad that may be measured in a time-resolved experiment
(if F%R is known). However, in most practical cases, it is easy to see that

I‘gjﬂ = I_‘gad to a very good approximation (since @, — @y < @;). We will
therefore ignore this distinction in the following.

We have here kept the description of the radiative decay rates fairly
general and did not discuss their exact relations to the vibronic states (in
particular within the Franck-Condon approximation). This description is
sufficient for our purpose here and more adapted to the generalization to the
case of MEF. It is nevertheless worth mentioning that there is an approximate

symmetry between the transitions for absorption: S;(0) — S;(@,) and those
for fluorescence emission: S;(0) — S,(®,). This results in the well-known
“mirror symmetry” around the @= @), line between the absorption and

fluorescence spectra, i.e. Po, (@) o< Po (20, — @) .

2.2. 3. Plasmonic Effects In MEF Conditions

We are now looking at extending the simple model for free-space
fluorescence to the case of Metal Enhanced Fluorescence (MEF). We therefore
consider a fluorophore with known free-space properties in the presence of
optically-active objects (in particular metallic objects).

The EM theory of Metal Enhanced Fluorescence (MEF) was studied
and developed extensively in the 70-80’s [2,3,4,5,6]. All the EM mechanims
involved in MEF can be understood within classical EM theory [3,4,5,6] as
confirmed in the simplest cases by quantum studies [2,12,17,18]. In most of
these models, the emitter is depicted as a simple two- (or three-) level system,
i.e. only one emission wavelength is considered. This is appropriate in general
to understand modifications of absorption or emission rates, but it entirely
ignores the spectral profile of the fluorescence emission. We will first review
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these concepts here before extending and generalizing them in the next section
(to specifically incorporate the description of the fluorescence spectral profile in
MEF conditions).

When a fluorophore is located in close proximity to a metal surface,
both its absorption and emission properties may be affected dramatically. This
in turn affects its fluorescence properties and may result in either a quenching or
an enhancement of the fluorescence signal. This latter situation is obviously of
interest for many applications using fluorophores. Let us discuss these steps in
more detail.

2.2. 3.a The Local Field Enhancement

We focus first on the absorption. It is well known that the electric field
may change dramatically in the vicinity of metallic surfaces, both in magnitude
and polarization. The modified field at the molecule position, which we call the

local field E, (@, ), can in principle be deduced and calculated at every point

by solving the EM problem with appropriate boundary conditions. The field
intensity felt by the molecule is modified by the local field intensity
enhancement factor (EF):

|E, (@)

Ml.,oc(a)L)= |E lz
Inc

, O

where E, . is the electric field amplitude of the incident excitation.

One can then show that the absorption cross-section (or power absorbed) is
modified by the same factor, i.c.:

O s (@) = M (0,) 0, (@) ®)
2.2. 3.b Radiative And Non-Radiative Enhancements

Similar modifications arise for the emission properties of an emitter
and affect its radiative decay. We will assume that the intrinsic non-radiative
decay path is unchanged (a reasonable assumption since it does not involve

photons) and is therefore characterized by the same rate FONR . The radiative

decay path, characterized by l"gad in free-space, is modified in at least three

ways:

o,

<> Firstly, the decay rate through photon emission is modified
and we will call the modified rate the total EM decay rate 1_‘.?2': The EM
superscript indicates the EM nature of the decay (through emission of a photon).

< Secondly, part of the photons emitted during this decay may
be absorbed in the environment (for example the metal substrate). These
photons are not radiated in the far-field; they correspond to non-radiative
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emission. Such a non-radiative decay is very different in nature to the intrinsic
non-radiative channel, since it does involve exchange of a photon. From an
experimental point of view, however, the end result is the same, i.e. a decay
without production of a fluorescence photon. To distinguish the two possible

EM decay channels, we can define the radiative I'y_, and non-radiative FE,B{:
EM decay rates, the sum of which gives F.?:: . One can alternatively define the

EM radiative efficiency fpag = Lpag / Tome - All these decay rates can instead

be characterized with respect to the free-space EM decay rate (i.e. the free-space
radiative decay rate) by defining the total EM enhancement factor, the non-
radiative EM enhancement factor, and the radiative enhancement factor as:

rEM FEM r
My, =—3% My =% My, = r.oRad ®
r?(ad I Rad Rad
The EM radiative efficiency is then given as
M _ Moy (10)
Rad — M.
Tot
<> Thirdly, the radiation pattern (angular and polarization

dependence of the radiated power) may also be modified. We will ignore this
aspect, which is in most cases secondary.

The total decay rate of the emitter is the sum of the decay rates for all
possible decay channels (which compete with each other) and is therefore:

Fp =T + T =M T8+ The. (11)

Tot

This is what would be observable in time-resolved experiments; the

lifetime being simply (I_‘Tm)_l [71.

2.2. 3.c Fluorescence Enhancement Factor

The modified quantum yield can therefore be expressed as:

0= Troa _ My _ My
r M, +T0 /T M. +(Q°)" -1
Tot Tot NR Rad Tot

=~ Npaa>
(12)

where the latter approximation is valid when M, > (Q°)™, which

is the case in most situations of interests. Note that this means that the modified
quantum yield is determined entirely by the EM radiative efficiency, a property
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of the metallic substrate. All fluorophores should therefore have the same

modified quantum yield, irrespective of their intrinsic quantum yield Q0 (see

for example Ref. [19] for a discussion of the EM factors affecting the modified
quantum yield, along with examples of MEF predictions on spherical metallic
nanoparticles).

The modified fluorescence power can be expressed, as in the free space

case, as P, =00, S,.- This may conveniently be expressed as a
fluorescence enhancement factor:

MFlu —_ 0 =Mboc MRad =M, MRad =Mm'7§:;
° IJFOluo QOMTot +1_Q0 QOM Tot QO

(13)

The fluorescence enhancement is therefore a result of the interplay of
three factors:

®,

L2 The local field enhancement factor M, Loc » Characterizing the
modification of absorption. This results, in most cases of interest, in an

enhancement, and possibly a very large enhancement up to = 10°.

@ The EM radiative efficiency 7Jr =My, / My, . This is

always smaller (and possibly much smaller) than 1, and contributes to a
quenching of the fluorescence because of non-radiative emission (fluorescence
photons absorbed in the metallic substrate).

9

< The factor (Q°)™, an intrinsic property of the fluorophore
under consideration. For a good fluorophore with Q0 =1, this factor has no

effect. Only for a bad fluorophore with Q° <1 can this factor lead to a

substantial additional fluorescence enhancement. This is, in a way, a
consequence of the fact that the modified quantum yield is dictated by the
metallic substrate and therefore the same for all fluorophores (good or bad). If
one uses a bad fluorophore, greater enhancements can be obtained simply
because the free-space fluorescence was poor in the first place.

The exact balance among these three factors determines whether
fluorescence quenching or enhancement is observed [10].

22. 3d Link Between The Local Field And Radiative
Enhancement Factors

The local field and decay rate enhancements have the same physical
origin: EM coupling to the plasmon resonances of the metallic substrate. This
will be discussed in more detail in Sec. 3.7. All these enhancement factors
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therefore exhibit a strong wavelength- (or equivalently @-) dependence. This
fact will actually be the main reason for the spectral profile medifications
predicted in the MEF signal.

Moreover, it is possible to show that the local field enhancement factor

M, (@) and the radiative enhancement factor M, (@) are in many cases

of the same order of magnitude. The exact relation between these and the range
of validity of the statement above are not trivial and require the use of the
optical reciprocity theorem; see for example Refs. [20, 21] for more details. The

approximation M| (@)= M_,,(®) is nevertheless very useful when

discussing (semi-quantitatively) the magnitude of the fluorescence enhancement
or quenching,.

2.3 SPECTRAL PROFILE IN MEF CONDITIONS

Due to the intrinsic spectral dependence of localized surgace Plasmon
resonances, all the enhancement factors defined so far for emission depend on

@ (the emission frequency). This should, accordingly, affect the spectral
profile of MEF

% e/
**“““"““"‘“““m fese==——
Mg Pragios) | || Mol Praglng)

| <<%

!FJL

{a) Fluo (b) SDSEF (¢) UFDSEF

Figure 2.1: Adapted and reproduced with permission from J. Phys.
Chem. C 2007, 111, 16076-16079. Copyright 2007 American Chemical
Society. Simplified Jablonski diagrams depicting the processes involved for a
fluorophore in three possible situations discussed in the text: (a) Standard
fluorescence, (b) Surface Enhanced Fluorescence in the slow-dynamics regime
(SDMEF), and (c) MEF in the ultra-fast-dynamics regime (UFDMEF).

2.3. 1. The Regimes Of Spectral Profile Modification
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We have assumed so far that the electron has sufficient time to relax
within the substructure of 5, and therefore reach the lowest state S;(0) before
any decay to the ground state occurs. This is entirely justified if the total decay
rate from S1 is much smaller than the typical internal relaxation rate in S1 » ¥V

In MEF conditions however, the factor M. 1o (and therefore the total decay rate

I}, ) may be large enough for this common assumption to become no longer

justified. This possibility has in fact been occasionally suggested in the past [22,
23], but never actually pursued. If this is the case, the dynamics of the electron

in the substructure of S, then becomes important. It is therefore necessary to
distinguish between three regimes for MEF.

Following the notations of Ref. [1], these are:

< Slow-dynamics MEF (SDMEF), for which I';, < 7,. This
is the same situation as for standard MEF. The electron relaxes to S,(0) from

which it can then decay to S .

<> Fast-dynamics MEF (FDMEF), for which FTot is of the order

of —and possibly larger than— the internal relaxation rate J, . In this case, decay
to the ground state may occur from any intermediate levels Sl (a)v) between the

one reached after absorption S, (@), — @),) and the lowest one S;(0).

LS Ultra-fast-dynamics MEF (UFDMEF), for which I, > ..
In this extreme case of FDMEF, the decay rate is so fast that no energy
relaxation occurs in SI. All decay transitions therefore occur from

Sl(a)L _a)o)-

Note that the distinction between SDMEF and FDMETF is irrelevant in
cases where the excitation energy @, is close to or below the transition energy

@,. The fluorescence process in the SDMEF and UFDMEF regimes are

represented schematically in simplified Jablonski diagrams in Fig. 2.1 along
with the standard fluorescence process for comparison. We will now extend the
models described so far to these three regimes of spectral profile modification of
the MEF.

2.3. 2. Slow-Dynamics Regime
In the slow-dynamics regime (see Fig. 2.1(b)), the situation is very

similar to standard fluorescence (Fig. 2.1(a)), except for the rate modifications
introduced by the metallic substrate.
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2.3. 2.a Modified Decay Rates

Let us consider again the transitions between S;(0)to S,(@, — @)

at an energy A, . The modified spectral density of the radiative decay rate is

Vraa (@) = My (ws)ygad(ws)f (14)

and there is a corresponding spectral density for non-radiative EM
emission:

7Nk(ws) =M (ws)yom(ws)- (15)

The total EM decay rate is accordingly:

T = I(?’Rad (05) + Vyr (@5))d ws = IMTO! (@5) Voo (@5 )d 5.
(16)

It is convenient here to define the spectrally averaged total EM
enhancement factor as:

MTot=IMTot(wS)£é‘fB@)§)_de‘ amn

Rad

In a similar fashion, the spectrally averaged radiative decay rate
enhancement factor is:

Mkadz-l-MRad(ws)Z%go(a)—S)dws- (18)

Rad

Note that the weighing factor ¥p,, (@) in these integrals is

proportional to the free-space fluorescence spectral density n,‘{ad (a)s) , which
can be measured easily experimentally.

Thus, we have simply:

r’lli'(r:: =MTotr(l)lad’ a‘nd rRad =MRadr(l)lad' (19)
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M1s ad M g,s then play the same role that M (@) and

M,,(@,) did in the one-wavelength fluorescence model. The modified total
decay rate is then

I1Tot = F’?:t[ + I_‘ONR = (MTot + (QO)_l - l)rgad (20)

2.3. 2.b Modified Spectral Profile

The modified spectral density is obtained (as for the free-space case)

from:
Tot Tot
@21

From this expression, the MEF spectral profile is simply determined
through the product of the free-space spectral profile, proportional to ¥p,, (@)

and the radiative enhancement factor profile M ,(@;). This can, in fact, be
expressed as a modification factor with respect to the free-space case as:

SDSEF

MRad ((‘)s)= My.i(@) M, (). (22)
Mo (@) M+ (@)7 -1

The @ -dependence in this modification factor is entirely dictated by

M. (@),

2.3. 2.c Fluorescence Intensity

This latest expression provides in addition the magnitude of the
fluorescence intensity enhancement factor at a given frequency @ . In some

instances and also to make a connection with the standard one-wavelength
model, it may be more convenient to consider the total fluorescence intensity.

Following the description above, the modified quantum yield is simply
obtained as:

1—‘Rxd — MRad .
1-‘Tot MTot + (QO)—l —1

Q= (23)

Similarly, the total fluorescence power enhancement factor is:

37



Spectral Profile Modifications in MEF Le Ru et al

P MEﬁ'
My, = =— "X i (@), (24)
e R Mm@ -1
where
_ o, ,
MﬁizjgsMMd(wS)%dws- (25)
L Rad

In a similar manner to the free-space case, Af ﬁfd (for the power
enhancement) is strictly speaking different to jfp,4 (for the rate enhancement)

because of the Stokes shift, but for most practical purposes, Af ifd = Mraa iS2

very good approximation. These expressions for the modified quantum yield
and the fluorescence enhancement factor are therefore essentially the same as

those obtained in the one-wavelength model, only replacing M Rad (a)s) and

M. (@) by Mgag and A 1, . This is an important result, since it means

that, as far as the total fluorescence intensity is concerned, any spectral
modification can in a first approximation be ignored, and a one-wavelength

model (at the frequency of the fluorescence peak @ ) can be used. Hence, the

discussion of the various mechanisms of fluorescence enhancement and
quenching given in Sec. 2.2 3 remains valid.

2.3. 3. Ultra-Fast-Dynamics Regime

2.3. 3.a Model

The ultra-fast-dynamics regime is, in some ways, similar to the slow-
dynamics regime; the only difference being that the decay transitions originate

from S,(@, —®,) rather than S,(0). Let us denote Aw, = @, — @, and
assume here that A@w, > 0. If @, is close to or smaller than @), then internal

relaxation in S is irrelevant and the treatment given for the SDMEF applies

independently of the actual decay rates.
In order to adapt the previous description, one therefore only needs to

replace the free-space spectral decay rates from S,(0), 7,‘;(, (@), by those

from S,(A@,), denoted ¥},4(@%) in the following. In a first approximation,

one may assume that the dipole moment (or overlap integrals) is the same for
both transitions. Therefore, what determines their decay rate is primarily the

density of states in the final state in S, (and the secondary @’ dependence of
decay rates, which we also neglect here). Accordingly, we can assume that the
two transitions to the same final state, S, (Aa@,)— S)(@, —@;) (at
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frequency @ ) and S;(0) — Sy(@, — @) (at frequency @y —A®@,), have
(in a first approximation) the same decay rate, i.e.:

Yraa (@5) = Yoaa (@5 — A@,). (26)

From there, all the formula of the previous section apply, simply
replacing ¥5,,(@) by ¥.q(@s —A®,) .

In particular, we have:

__ a, — A,
MTl{:tDSEF — J-MTot (a)s)—%gaLri)_L)da)s- %)
Rad

Note that Jf gFmDSEF is of the same order of magnitude as that obtained

for SDMEF (Eq. 17). The spectral density of fluorescence in the UFDMEF
regime is then:

M. (o o, —Aw
nRU;iDSEF (a)s) = Rad( 2 i-‘}[,_yg;gs(gp = L) O-AbsNL M (28)
Tot

This expression is similar to that obtained for the SDMEF case (Eq.
21), except that the radiative enhancement factor M (@) is now applied to

the blue-shified free-space fluorescence profile }})Rad (0, —A®,). 1t can, in

fact, be expressed as a modification factor with respect to the blue-shifted free-
space case as:

UFDSEF

Mg (@s) Mg (@)
- M : 29
m (@ —Aw,) MU 4+ (00) -1 toc (@) (29)

It is possible to also write expressions for the modified quantum yield
and fluorescence intensity enhancement factor in the UFDMEF regime. These
are similar to those obtained for the SDMEF regime.

2.3. 3.b Comparison With The SDMEF Regime

From these results, it is clear that the spectral profile in both the
SDMEF and UFDMEF regimes is predominantly dictated by the radiative

enhancement factor profile My,,(@;). Distinguishing between the two

regimes is in principle possible by direct comparison of the respective spectral
profile of fluorescence.
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They are related by the expression:

UFDSEF 0

Mpag (D) _ Praa(@5 —A@)) (30)
SDSEF 0

Mgaa  (X5) Pgaa (@)

Such a distinction is facilitated if A@), is large, and in any case

requires an accurate knowledge of ngad (w) (the difficulties associated with this
are discussed in Sec. 2.4).

2.3 4. Intermediate Regime

The situation in the intermediate regime is substantially more
complicated: both decay to the ground state and energy relaxation can occur

from any of the intermediate levels in S,. The exact dynamics therefore not
only depends on the modified decay rates, but also on the details of the
relaxation dynamics within S| ; a process that is not understood in detail and is

not easily measurable. We will, therefore, not attempt here a detailed description
of the intermediate FDMEF regime. Nevertheless, one should qualitatively
expect results that reside in between the two limiting cases of SDMEF and
UFDMEF.

2.3 5. Discussion

Let us summarize the predictions of these simple models in terms of the
spectral profile ( @) -dependence) of the fluorescence:

o The free-space fluorescence spectrum follows rp,, (@) .
< The modified spectrum in the SDMEF regime follows
0
Mg, (@5 )1,y (@) -
< The modified spectrum in the UFDMEF regime follows

My (ws)ngad(ws -Aay).

Moreover, for the MEF signal to be observable, it is also necessary that
the local field enhancement at the laser frequency M, (@,) is sufficiently

large. Since M|, and My, follow approximately the same resonant profile,
M ..(@,) is a good indication of the magnitude of M, _(@,).

For many fluorophores, n,‘{ad(a)s) is simply a “bell-shaped” curve (for

example a Lorentzian); possibly slightly asymmetric or with a shoulder. Its full-
width at half-maximum (FWHM) is typically of the order of
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~700-1200 cm™ . As discussed already, M, (@) exhibits a resonance

profile at frequencies corresponding to the localized surface plasmon (LSP)
resonances of the metallic substrate. If a single resonance dominates, its FWHM
is typically of the same order as that of the fluorescence spectrum, i.e.

700—-1200 cm™, for typical Ag or Au substrates in the visible. To
understand how such a resonance may affect the MEF spectral profile, it is
interesting to consider a few model cases. For the sake of argument, we focus
on the cases of Methylene Blue (MB) [24] and Rhodamine 6G (Rh6G) [25]
excited at 633 nm, for which the free-space (in water) fluorescence profiles have
been measured (dashed lines in Fig. 2.2(a,b,d) for MB and (c) for Rh6G). Note
that these free-space fluorescence spectra directly reflect the spectral profile of

fluorescence ngad(a)s) as given in Eq. 4. These two examples provide model
fluorescence spectra for two typical situations: (i) excitation below (but close
to) the absorption maximum (here with A@, =@, — @), =900 cm™ for
MB). The fluorescence spectrum then exhibits a strong and broad peak at a
smaller energy (Stokes shift), and (if) excitation at longer wavelength in the
absorption tail, @, < @), (the case of Rh6G at 633 nm excitation), where the

fluorescence spectrum is much weaker and exhibits a monotonous decay with
wavelength. Only residual fluorescence is then observed and, since there is no

internal relaxation in S, even in the free-space case, the SDMEF and FDMEF
regimes are equivalent (A@, = 0).

H(a) M, (o) [ ) SOSEF (MB)

Inteasity [arb. wmits]

s i : " A A
0 " [ 1600 20 0 o 1000 ) )

Raman shift, &, [om ) Raman shift, w, (om ")
(c) SDSEF (RhEG) ) {d) UFDSEF (MB)

inbesaity [mb_ snits)]

0 w0 e we a0
Raman shift, », [om"] Faman st s, [om ]
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Figure 2.2: Predictions of spectral profile modifications in MEF for a
few model cases. Spectra are shown in terms of Raman shift (equivalent to

@), ), assuming a laser excitation at 633 nm. All spectra are normalized to 1. (a)
Four model cases of radiation enhancement spectral profile, Ay ,(@;), with a

resonance peaking at increasing wavelengths; A: —500 cm - (614 nm), B:
400 cm™ (650 nm), C: 1200 cm™ (685 nm), and D: 1900 cm ™ (720 nm).
These are modelled here by Lorenztian profiles with a FWHM of 900 cm -
The free-space fluorescence spectrum of MB in water (ng‘,ml (@y)) is also
shown as a dashed line here and in (b) and (d). (b) Predicted SDMEF spectrum
of MB, M,,(@)ng,;(®;) for the four cases of (a). The Lorentzian profiles

of (a) are repeated as dotted lines for easier comparison. (c) Predicted SDMEF
spectrum of Rh6G. Note that this is also the predicted FDMEF spectrum of

Rh6G since excitation at 633 nm is below @), (i.e. A@w, =0). The free-space
spectrum of Rh6G in water [21] is shown as a dashed line (the Raman peaks,

observable here because of the weakness of the fluorescence spectrum have
been removed). (d) Predicted UFDMEF  spectrum of MB,

M (0, .(@; —Aw,) with Aw, =900 cm ™. These spectra are
repeated as dotted lines in (c) for easier comparison.

The predicted modifications to the MEF spectrum are illustrated in
Fig.2, 2 for a few representative radiation enhancement factor profiles

My (@;). These results provide a qualitative overview of what to
theoretically expect in terms of Spectral Profile Modification (SPM):

< The case of MB in the SDMEF regime (Fig. 2.2(b)) is typical
of many MEF experiments. Moreover, to maximize the MEF intensity, the LSP
resonance is typically chosen in between the laser excitation and the peak free-
space fluorescence emission, i.e. cases B and C in Fig. 2.2(b). Only small SPMs
are predicted in these conditions: a small shift for B and a small narrowing for
C. These situations are in fact representative of typical MEF conditions and
small SPMs should therefore (in general) be expected. Such small modifications
have indeed been reported [11], but it is likely that they remain unnoticed or
have not been emphasized as such in many cases.

< A larger modification is predicted when the resonance occurs
beyond the free-space fluorescence peak (case D of Fig. 2.2(b)). The MEF
signal is however much smaller because of the small local field enhancement

factor at ;.

9,

< Much more spectacular SPMs are predicted in the case of
Rh6G (Fig. 2.2(c)). This can be understood simply: because only the
fluorescence tail is excited, the emission is almost flat (featureless) in free-space
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and the MEF profile is therefore imposed by the underlying LSP resonance
My,(@;) in MEF conditions. ~Although less common for fluorescence

experiments —which will always use excitation close to the absorption maximum
of the molecule under use- this situation can be useful, for example, to study the
mechanisms of SPMs in MEF and can even be used as a tool to probe the LSP
resonances in the substrate.

<> Another situation where large SPMs are predicted is the case
of UFDMEF for MB as shown in Fig. 2.2(d). The predictions are then similar to
those of Rh6G (compare solid and dotted lines in 2.2(c)) and this can again be

understood simply: in UFDMEF the radiation enhancement factor M, (@)
applies to the blue-shifted free-space fluorescence ny,,(@; —A@,), which

typically peaks around @), . It therefore applies to the long-wavelength tail of

the fluorescence spectrum, which resembles closely that of Rh6G. In fact, this
can be generalized to most fluorophores in the UFDMEF regimes: the UFDMEF

spectrum is mostly dominated by Mgy,,(@;), ie. by the LSP resonance
spectral profile.

2.3 6. Effect Of Averaging

In many typical experimental conditions, the fluorescence signal
originates from an ensemble of molecules randomly adsorbed on (or close to)
the metal substrate. Each of these molecules is therefore subject to different EM

enhancement factors, M| ., My, M, etc...The measured signal should

simply be the average signal produced by these individual molecules.
Nevertheless, these factors are typically highly non-uniform (spatially) and may
exhibit large variations in magnitude, even over relatively small distances [26].
For such distributions, the effect of averaging on complex expressions like Eq.
21 or 24 can be fairly complicated and is beyond the scope of this chapter. This
makes predictions of the average absolute fluorescence enhancement a difficult
undertaking in general. Fortunately, as far as the spectral profile is concerned,
all molecules in the ensemble are subjected to EM enhancement factors
originating from the same underlying LSP resonance of the substrate. The
modified spectral profile of fluorescence is therefore retained upon spatial
averaging, only its absolute magnitude may be affected in a non-trivial way.
Nevertheless, there remains the possibility that depending on the spatial

distribution of Afr, (and therefore 'y, ), part of the molecules may be in a
different MEF regime than others.

2.3 7. Fluorescence Intensities In SDMEF And FDMEF Regimes
2.3 7.a Qualitative Discussion

Before moving on to the experimental results, it is worth discussing
briefly the conditions (if any) for which FDMEF (or UFDMEF) may be
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observed. By definition, this requires the decay rate I';, to be sufficiently
large (with respect to internal relaxation rates) or equivalently Af;, to be

sufficiently large (say, larger than ~10* for the sake of argument). From Eq.
13 —or its equivalent in FDMEF conditions— this may result in a very poor
fluorescence enhancement factor. One may then wonder whether the FDMEF
spectrum would be at all observable.

Let us consider two model cases to discuss this issue:

< Radiative-Emission-Dominated Substrate

Let us take for example the case of a metallic nanoparticle coated with
a 10 nm dielectric spacer. The non-radiative emission is then typically
negligible and Afq,, is of the order of Afp.i- Mg Mmay exhibit a strong
spatial distribution over the NP surface, but remains below, say ~ 10°-10°,
All the molecules are then in the SDMEF regime. Moreover, since
Mot = Mrpag» the fluorescence enhancement factor is of the order of

My, =M (@). Assuming M, (@,)=M;, (@), its maximum

value is of the order of ~10>—10%, and this results in a fluorescence

enhancement factor of the order of ~10—100 after spatial averaging. This
case corresponds to a “typical” situation for many MEF studies.

<& Non-Radiative-Emission-Dominated Substrate

Let us now consider the same metallic NP without a dielectric spacer,
i.e. the molecules adsorb directly onto the metal substrate. The non-radiative
emission is then typically very large, say M ~10° and dominates j7r,, -
Moreover, since it mostly depends on distance from the metal surface, it is of the
same order for all molecules. All the molecules are then in the FDMEF
(possibly UFDMEF) regime. Jfg,s does not vary as much with distance from

the surface and may as before have a maximum value of ~10°. From Eq. 13,

the fluorescence enhancement factor is reduced by a factor ~ 100 compared to
the previous case. Overall, there is therefore no enhancement, but also no large
quenching, as is often wrongly assumed for molecules directly adsorbed on the

surface. The quenching effect of a large Af . is simply compensated by the

local field enhancement factor M| _ in Eq. 13. The resulting signal is still well

within observation capabilities. We conclude that although the FDMEF signal
intensity is typically much less enhanced (and possibly even slightly quenched)
than its SDMEF counterpart, it should remain easily observable with standard
techniques.

Finally, intermediate cases may obviously exist, for example at
intermediate dielectric spacers or for substrates with localized regions of large
radiative enhancement factors (EM hot-spots).
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Figure 2.3: Adapted and reproduced with permission from J. Phys.
Chem. C 2007, 111, 16076-16079. Copyright 2007 American Chemical

Society. Predictions of the frequency dependence of M, (blue), My, (red)
(solid lines, both scale on the left axis), and the EM radiative efficiency
7)12'; =Mp./ My, (dotted lines, scale on the right axis) for a dipole
perpendicular to a gold metal surface and at a distance d =1 nm (dark colours)
or d =5 nm (light colours) from the surface. Three examples are given: (a) a
semi-infinite gold plane in air; (b) a gold nano-sphere of radius @ =40 nm in
ITO (with &, =4.0); (c-d) a dimer of two gold nano-spheres of radius
a =30 nm, and separated by a gap of 2 nm in either air (c) or water (d). The

dipole is placed in the middle of the gap in these latter cases (i.e. d =1 nm).
Vertical scales have been kept the same for all three plots to facilitate the

comparison of relative orders of magnitude. It is clear in these plots that M. Tot
can be very large at short distances (d =1 nm), but this does not necessarily

imply a small EM radiative efficiency (and therefore a fluorescence quenching),
as is the case for the planar surface.

2.3. 7.  Examples Of EM Predictions

To emphasize these qualitative arguments, we show in Fig. 2.3 some

EM predictions for a few examples of representative geometries. M, and
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M, can be calculated within the classical EM theory of dipolar emission [19]

and we focus here on three cases for which exact results are obtainable. These
are for fluorophores close to:

< a planar metal surface, [4,12]}

< a metallic sphere [27]; using Mie theory,

< or a pair of metallic spheres (dimer); using Generalized Mie
Theory [28,29].

Figure 2.3 shows the results of such predictions for a few representative
cases (see the caption for details). The metal is gold and its dielectric function is
taken from Ref. {30]. Only the case of a dipole perpendicular to the surface, at a
distance d , is shown for clarity. For an emitter very close to the metal surface
(typically less than 5nm), we conclude from these model examples the
following:

R

< For the plane and the sphere, M, >> M ,, i.e. the lifetime

is dominated by non-radiative emission, and the EM radiative efficiency
(approximate modified quantum yield) is small. We also note that My, is then

mostly determined by the distance between the metal surface and the emitter,
independently of the actual geometry —and therefore of the Localized Surface
Plasmon (LSP) resonances— of the metallic object. Its frequency dependence is
therefore essentially governed by the intrinsic optical properties of the metal,

and its magnitude depends on the distance as d > [13].

o

* M, can be quite large, = 10° for d =1 nm at the non-

radiative resonance around 500 nm for gold in air (corresponding to € =—1).
Around 650 nm (the region of interest for the experimental results shown later in

Sec. 2.4), M, is still of the order of ~10°—10*. M,

o
larger for a dipole closer to the surface, although a non-local dielectric function
should then be used for quantitative predictions.

. would be even

®,

<> For the gold dimer, M;,, becomes comparable to the
geometry-independent non-radiative contribution to Mp,. Mg, then
contributes significantly to M. In particular, resonances of My, are then

observed in M, as seen in Fig. 2.3(c-d). M, then has a relatively large
radiative component, and the EM radiative efficiency or modified quantum yield
can be reasonably large, O > 0.1.

These predictions confirm that, in typical situations: M, can easily
be large enough for FDMEF to exist, and even possibly UFDMEF. This is
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particularly true for the first few monolayers, i.e. at distances of the order of
d =1 nm or less from the surface.

2.3 7.c Predicted intensity of the FDMEF signal

Still, we must now consider whether in such situations any detectable
fluorescence is expected. It is indeed often assumed that at such short distances
the fluorescence signal would be completely quenched because of the dominance
of non-radiative decay. This dominance is indeed a fact in many situations, and
results in very poor modified quantum yields, (0, as evidenced in Fig. 2.3(a-b),

but it does not necessarily imply a complete quenching of the MEF signal.
To understand this, we focus on the expression for the fluorescence EF

given in Eq. 13 and recall that M| __ is of the same order as M, in a first

approximation. We consider an emitter very close to the surface, say d =1 nm
for the sake of argument. Let us first consider the case of a planar surface (see

Fig. 3(a). Mg,  and M, are of the order of 1, while Q <107, so that

M., =107 —-10". It is clear in this case that a large fluorescence

quenching occurs, and this is partly the origin of the common view that
fluorescence near metal surfaces is always quenched. Even if FDMEF exists in
such a case, its intensity would not be detectable.

The situation is similar in the case of a gold sphere, because the

radiative (and local field) enhancements remain small compared to M, for

d =1 nm. It is interesting to note at this stage that this is not true for a silver
sphere, for which the LSP resonances are much stronger (and the local field and
radiative enhancements accordingly much larger); see Ref. [19] for more details.
This highlights one important aspect of the optical properties of gold. Because
of the large absorption for A <600 nm, the LSP resonances are strongly
damped. At longer wavelengths however, the optical absorption of gold
becomes comparable with that of silver, and much stronger LSP resonances (and
therefore EFs) are then possible. To profit from these, one must have a gold
structure where the LSP resonances are red-shifted to this region. This can for
example be achieved by using non-spherical structures (like the ones used later),
by placing the structures on a dielectric substrate (such as ITO), by making
interacting structures, or by embedding the structures in a dielectric of larger
dielectric constant (like water or ITO).

We have presented results in Fig. 2.3(c-d) where the resonances have
been red-shifted by using interacting objects (a dimer) either in air or water. As

illustrated in Fig. 2.3(c-d), it is then possible to have My, almost comparable

to M, and therefore a modified quantum yield of the order of Q ~ 0.1-1,

even for an emitter as close as 1 nm to the surface. No quenching of the
fluorescence signal is therefore predicted, and even enhancements are possible
(depending on how close the dipole is to the surface) thanks to the local field
enhancement effect. It should therefore be possible to observe the fluorescence
signal, even in FDMEF or UFDMEF conditions.
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Finally, the SERS Enhancement Factor is predicted [1] to be of the
order of M, larger than M, ; say larger by a factor of ~10° —10°. But

for typical fluorophores, the non-modified fluorescence cross-section is ~ 10"
larger than the non-modified Raman cross-section [31]. The (integrated) MEF

signal should therefore be ~ 10* times larger than the SERS signal, but it is

also spread out over a much larger (~ 10> —10*) spectral range than a typical
SERS peak. These considerations, although mostly qualitative, show that for
molecules adsorbed on the metal, the MEF signal (SDMEF or FDMEF) is
expected to be at least of the order of the SERS peaks, the relative intensity
depending on the exact distance of the emitter from the surface.

In conclusion, the fluorescence signal is not necessarily completely
quenched for molecules directly adsorbed on the metal surface, but it is rather
much less enhanced than the Raman signal. As a consequence, if SERS peaks
can be observed for a fluorophore, they should in most cases be accompanied by
a MEF signal.

2.4 EXPERIMENTAL STUDIES

The most direct approach to study the SPMs in MEF conditions is to
measure the spectral profile of fluorescence under MEF conditions /(@) and

show that it is different to the free-space profile ng.,(@;). Moreover, to

confirm that the observed signal is indeed modified MEF, it is desirable to show
in addition that (i) it follows the predicted profile: for example,

M, (@)ny, (@) for SDMEF, and (i) its intensity is compatible with the

expected fluorescence enhancement.

We will present results following this approach in this section. These
will be largely based on the work presented in Ref. [1]. There have not been, to
our knowledge, any other dedicated experimental studies of this aspect of MEF
to date in the literature. Small spectral profile modifications were however
occasionally reported as part of other studies [11, 14], but have not been
analyzed in depth.

2.4 1. Experimental Considerations

In order to carry out such a study, one must first assess carefully how
the various quantities (@), ngad (@;), and My, (@) can be inferred
experimentally. Let us look at each of these three aspects separately.

2.4 l.a Free-Space Fluorescence Spectrum

Any experimental verifications should rely on studying the
modification of the fluorescence profile with respect to the free-space case. It is
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therefore necessary to measure the free-space fluorescence (at the same
excitation wavelength) first. Ideally, this should be carried out for the
fluorophore in conditions as close as possible to the one used for MEF, i.e. in the
same dielectric environment (air or water), adsorbed vs. dissolved in a solvent,
etc... In any case, there is always a possibility that the intrinsic fluorescence
properties of the probe are affected by adsorption onto the metallic substrate (or
any dielectric spacer that may be used). For example, its electronic levels could
be affected by covalent bonding to a surface or fluorophore / fluorophore
interactions at large coverage. The importance of these effects should be
assessed on a case-by-case basis.

In order to demonstrate large SPMs, an approximate free-space
fluorescence profile is usually sufficient since the profile of the radiation

enhancement factor M, (@) usually dominates. For more subtle effects, like

differentiating between SDMEF and FDMEF, a more accurate free-space
fluorescence profile may be necessary.

2.4 1.b Radiation enhancement and extinction profile

Arguably the most difficult quantity to measure experimentally is the
radiation enhancement factor profile My, ,(@). It could in principle be

predicted from EM theory, provided the substrate geometry is well-defined, but
an experimental estimate is obviously preferred.
The simplest approach to this problem is to approximate it by the (far-

field) extinction profile Q,(@), much easier to measure, i.e.

My (@g) < O.(@) . This is justified qualitatively since both quantities are

affected by coupling to the substrate localized surface plasmon resonances and
should therefore exhibit the same resonances. Moreover, this approximation can
be shown theoretically to be valid for simple structures like spherical nano-
particles [32]. This approximation has also been used many times in the context
of SERS to study the validity of the SERS EM model of the enhancement
factors [21, 33, 34, 35, 36].

For a nano-particle-based substrate, additional complications may arise
because of polydispersity, i.e variations in size and / or shape of the particles.
This introduces changes in the LSP resonance wavelength from one particle to

another and can broaden dramatically the extinction profile Q, (@) . To avoid

such issues, highly uniform NPs must be used. In the examples shown here, the
substrates consist of arrays of gold NPs fabricated by e-beam nano-lithography
[37, 38]. The high uniformity of these arrays is readily seen in the SEM images
in the inset of Figs. 2.5 and 2.8 and is further confirmed by measuring the
extinction Q, (@) at several positions on the array with a high magnification
objective. For our purpose here, the size and shape of the particles is varied
from one array to another in order to change the position of the LSP resonances,

ie. O (@) and therefore M (@).

2.4 l.c MEF Spectrum And Background Subtraction
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In the experiments presented here, the fluorophores are adsorbed
directly onto the metallic (gold) NP surface. The fluorescence enhancement (if
any) is therefore small and the MEF signal may accordingly be weak, especially
for weak fluorophores like Rh6G at 633 nm. In fact, the MEF spectrum is
accompanied by Raman peaks of comparable intensity (themselves enhanced
through Surface Enhanced Raman Scattering, SERS).

When considering the spectral profile of the MEF spectrum, it is
extremely important to subtract any background signal not related to the NPs
themselves, or at least make sure that it is negligible. The apparent profile can
indeed be completely changed by the presence of a background (with its own
spectral profile) of comparable intensity, as illustrated in Fig. 2.4.

Such a background may come from the environment itself (glass slide
or solvent) or from fluorophores that are not adsorbed on the NPs (and therefore
not under MEF conditions). In our case here, the background signal is entirely
dominated by the ITO substrate supporting the gold NPs. No change in this
background is detected in the presence of the fluorophores, meaning that they
either do not adsorb on ITO, or that their non-enhanced fluorescence is
negligible.

One can easily measure the ITO background signal [Ip;o(@s) by

taking a spectrum under identical conditions on ITO only, for example in
between two NP arrays. Subtracting directly this background from the MEF

signal [ (a)s) however leads to unphysical results (negative signals in some

instances). This is because, in the MEF spectrum, the ITO signal is viewed
through the NP array and is accordingly modified because of the intrinsic
extinction of the NP arrays. This can however be corrected as follows (see also
Fig. 2.4).

Signal Intensity [Arb. units}

Raman shift fem™)

Figure 2.4: Illustration of the background subtraction for NP arrays on
ITO. I, sgr (raw) and I mo are the raw spectra for MEF (with Rh6G adsorbed
on the arrays) and ITO. Simple subtraction would result in a negative signal.
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One must correct the ITO signal according to Eq. 32 to obtain the real ITO
contribution, [ Bekgd » Which once subtracted gives the corrected MEF spectrum,

Ie , (cor). This step is clearly necessary here to reveal the true spectral profile
of the MEF spectrum. The extinction spectrum Q, (@) for this array is also
shown in the figure.

Simple subtraction would result in a negative signal. One must correct
the ITO signal according to Eq. 32 to obtain the real ITO contribution, , which

once subtracted gives the corrected MEF spectrum, Tsg (cor). This step is
clearly necessary here to reveal the true spectral profile of the MEF spectrum.

0, (o

The extinction spectrum Q, (@) is first measured experimentally and

The extinction spectrum ) for this array is also shown in the figure.

by definition characterizes the transmission of the array at frequency @ :

o, =_10g10@'- (31)

Incident

For the MEF experiment, the incident laser at @, must go through the

array to excite the ITO substrate. Only a fraction 107%() of the power is
transmitted. = The ITO substrate then produces a background signal

107%@) x o (@) (where I, (@) is the reference spectrum taken

without the array), which must again go through the array before we detect it.
The real ITO contribution to the MEF spectrum is therefore

Tpegpa(@5) = 1079 x107% x Iy (). (32)

This background should be removed before any interpretation of the
MEF spectrum. The effect could be dramatic in some situations as illustrated in
Fig. 2.4. This is not as critical when the MEF intensity is much larger than the
ITO background (which is generally the case for Methylene Blue (MB) or
Crystal Violet (CV) for example).
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Figure 2.5: Reproduced with permission from J. Phys. Chem. C 2007,
111, 16076-16079. Copyright 2007 American Chemical Society. (a-b)

Extinction spectra (., (a)s)) for three gold nanoparticle arrays: Al (100 nm

edge triangles), A2 (100 nm diameter dots), and A3 (150 nm edge triangles).
Resonance wavelengths for each are indicated in brackets in (b); representative
SEM images are shown in the inset. The data in (a) are the same as in (b), but
on the same energy scale as used in (c) and (d) for easier comparison. (c) SERS
/ SMF spectra at 633 nm excitation of the same arrays, covered with methylene

blue (MB). The standard MB fluorescence (adsorbed on ITO), PF(:UO (a)s) , is
shown in (a) and (c). (d) Comparison of the SMF spectra of (c) with the
approximated predicted profile: O,  (@;)B5,, (@) .

2.4 2. Evidence Of Spectral Profile Modifications

One possible approach to evidence strong spectral profile modifications
under MEF conditions is to take a given fluorophore (fixed ngﬂd (@y)), and

vary the radiation enhancement factor profile M ,(®@;). The MEF spectral
profile should then change in the same direction as M,,(@;). The change in

M. (a)s) can, for example, be obtained by changing the size and / or shape of
the gold NPs and is easily monitored by measuring their extinction spectrum

Q.(@5) .
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An example of the results for such an approach is shown in Fig. 2.5
(from Ref. [1]), which we now discuss. Methylene Blue (MB) is used here as a
probe molecule and is transferred onto gold NP arrays by dipping them into a
10 4 M MB solution for 5 minutes. The arrays are plasma-cleaned before any

dipping, to ensure that no contaminants are previously adsorbed on the NPs. The
MB molecules are therefore adsorbed directly onto the gold surfaces, with
possibly some molecules further away from the surface if several monolayers
are present. Three NP arrays are used with distinct LSP resonances at 612 nm
(array Al), 667 nm (A2) and 713 nm (A3), as evidenced in the extinction
spectra of Fig. 2.5(b). The resonance of A2 is close to the peak absorption and
fluorescence of MB and would be considered as the “standard” situation for
most MEF experiments (except for the direct adsorption onto the metal). Al
and A3 have resonances much further away on either side of the MB
fluorescence spectrum. The MEF spectra (corrected for the ITO background),
shown in Fig. 2.5(c), exhibit a broad spectrum underneath the SERS (Raman)
peaks. The SERS peaks clearly confirm the presence of MB on the NPs surface.
The accompanying broad signal is attributed to the modified MB fluorescence
(MEF), initially for two reasons:

< The signal is not observed in the absence of adsorbed
molecules (MB or otherwise). Note that a thorough cleaning (plasma cleaning
in this case) is necessary to ensure that no spurious fluorescent species remain
on the sample.

<& The broad signal (and the SERS peaks) decays as a result of
photobleaching, and the signal decay rates increase with excitation density.

This interpretation is further confirmed by comparison with the
predicted modified MEF spectral profile. For this, we make the assumption

discussed earlier that My, (@) Q. (@), and n), (@) can be

approximated by the free-space fluorescence profile Pﬂ(:m (a)s) of MB dried on
ITO (at high concentration). Hence, the MEF profile (for SDMEF) should
follow the product Q,(&)Py

(@), which is indeed the case to a good
approximation as shown in Fig. 2.5(d). The results of Fig. 2.5 demonstrate
clearly the possibility of a large spectral profile modification under MEF

conditions.
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Figure 2.6: (a) Comparison of the experimental results of Fig. 5 for
MB on arrays Al, A2, and A3 with theoretical predictions in the UFDMEF

regime with A@, =700 cm ™', ie. Q. (@)ng, (@, —A®,). (b) Same as

(a) using a weighted superposition of the theoretical predictions in the SDMEF
regime (shown in Fig. 2.5(d)) and in the UFDMEF regime (shown in (a)).

2.4 3. Evidence For Fast-Dynamics MEF

The comparison between experiments and SDMEF predictions in Fig.
2.5(d) also validates the simple model presented earlier. One may notice
however, that the SDMEF predictions tend to underestimate the short-
wavelength side of the modified MEF spectra. This could be a consequence of
some molecules being in the FDMEF (or UFDMEF) regimes. It would
qualitatively enhance more the short-wavelength side of the spectrum at the
expense of the other side as predicted theoretically in Fig. 2.2(d).

To be more quantitative, it is possible to compare the experimental
MEF results to the UFDMEF predictions, i.e. to the product

Q.(@,) Py, (@, — A@,) . This is illustrated in Fig. 2.6(a). It is clear that the

UFDMETF spectra can explain the discrepancies observed in the SDMEF spectra,
but then the long-wavelength side of the spectrum is no longer correctly
predicted. Only a weighted superposition of both the SDMEF and UFDMEF
predictions results in a better account of the overall spectral profile under MEF
conditions, as shown in Fig. 2.6(b). This result can be interpreted in two ways:
(i) The majority of molecules are in the intermediate FDMEF regime, where
internal relaxation rates are comparable to decay rates. As discussed in Sec, 2.3,
an intermediate spectrum between the SDMEF and UFDMEF cases is then
expected. Unfortunately, the details of such a spectrum are difficult to predict
theoretically. (ii) The total decay rate enhancement factors are non-uniform on
the surface, resulting in some molecules being in SDMEF conditions, while
other are in FDMEF or even UFDMEF conditions. This could for example be
the case if some molecules are further away from the surface (i.e. for multilayer
coverage). It is difficult from the sole evaluation of the optical spectra to
distinguish between these two scenarios.
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Figure 2.7: (a) Free-space fluorescence spectra (PFlouo (a)s)) for four
fluorophores: Methylene Blue (MB), Rhodamine 6G (Rh6G), Rhodamine B
(RhB), and Crystal Violet (CV). (b-d) MEF spectra obtained from arrays Al
(b), A2 (c), and A3 (d) after dipping in a 10 £ M solution for each of the four
fluorophores in (a). All spectra are obtained for excitation at 633 nm and are
shown in terms of the Raman shift (equivalent to @) ). All spectra intensities
have been rescaled and are displaced vertically in (b-d) for convenience. The
extinction profile O, (@) for each array is also shown in (b-d) as a dashed
line. Note that the spectrum for Rh6G on array A3 was not measured.

2.4 4. Comparison Between Different Fluorophores

Another complementary approach to that presented so far is to study
different fluorophores (with different free-space fluorescence spectral profiles)
on the same NP arrays. This is illustrated in Fig. 2.7. Four fluorophores are
used there: Methylene Blue (MB) as before, Rhodamine 6G (Rh6G), Rhodamine
B (RhB), and Crystal Violet (CV). All experiments are carried out at 633 nm
excitation again, and the corresponding free-space fluorescence spectra are
shown in Fig. 2.7(a). Rh6G, RhB, and CV all exhibit a tail-like fluorescence
spectrum, very similar to each other. This simply reflects the fact that the
excitation (at 633 nm) is close or below (in energy) the main absorption band.

In this case, internal relaxation in S, is expected to play a negligible role, even
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in free-space conditions. The SDMEF and FDMEF regimes should therefore be
equivalent for these three molecules. It should also be similar to the UFDMEF
spectrum of any molecules as discussed in Sec. 2.3 5. In fact, similar MEF
spectral profiles are obtained for the four molecules on each of the three NP
arrays as shown in Fig. 2.7(b-d). The fact that the results for MB are similar to
the other three molecules —despite their dissimilar free-space fluorescence
spectra— is further indication that the MB molecules are in the FDMEF regimes
(possibly UFDMEF for some).

The spectra in Fig. 2.7 also further confirm the possibility of large
spectral profile modifications in MEF conditions.

2.4 5. Discussion Of The Experimental Results

The SPMs observed in Figs 2.5, 2.6, 2.7 are sufficiently large and
unambiguous to render a clear-cut identification of spectral modifications of the
emission. The agreement between experimental and predicted spectra is also
sufficiently satisfactory to support the interpretations and validate the models
(despite their simplicity). Nonetheless, a more accurate agreement would be
desirable for subtler effects, such as a clear distinction between SDMEF and
(U)FDMEF. This is, however, prevented by a number of issues; which we
highlight here as a prerequisite towards improved future experiments.

<& As already mentioned, the “free-space” fluorescence profile
may be modified upon molecular adsorption, even before any modifications
associated with the EM response of the substrate. This may arise from small
alterations in their electronic structure or from molecule / molecule interactions
(at high coverage). Unfortunately, there is no simple experimental solution to
this issue. One approach is to use several different fluorophores; any strong
modifications for one of them will result in anomalous behaviour with respect to
the others.

KD

< The approximation of the radiation enhancement factor profile
M, (@;) by the extinction spectrum Q, (@;) may not always be valid. EM
calculations on the NPs may be used to confirm it.

< In all the results shown here, the extinction spectra were
measured on bare substrates (not covered with molecules). However, it has been
shown that molecular adsorption may affect the underlying LSP resonances and
therefore change slightly the extinction profiles [39]. This aspect can be
improved upon by measuring the extinction spectrum of the arrays for each
molecule.

< The theoretical description of the fluorescence process, even
for free-space fluorescence, could be improved. For example, the relevance (if
any) of the internal relaxation in S, for excitation in the fluorescence tail below

the adsorption band is not well understood. Moreover, the description of the
intermediate FDMEF regime requires a detailed understanding of the internal
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relaxation mechanisms in ;. Further improvements to account for

temperature-related effects in the effective populations of S; and S can also
be envisioned.

These secondary aspects do not affect the main conclusions of this
section, but would certainly contribute to a deeper understanding of the SPMs
mechanisms in MEF.

2.5 ADVANCED ASPECTS AND OUTLOOK
2.5 1. The SERS Continuum

An interesting aspect of the large spectral profile modifications that
may arise in MEF conditions is the fact that the resulting spectrum is modified
to an extent that it may not be easily recognized as a fluorescence spectrum.
This means that it may be observed in many standard experimental situations but
incorrectly interpreted. Along these lines, we propose that this modified MEF
(either SDMEF with a large SPM or FDMEF) may be the origin of the so-called
SERS continuum in many common situations (and in particular for dyes, even
weakly fluorescent). Such an interpretation is compatible with many well-
known features of the SERS continuum [14, 40, 41, 42, 43, 44] which, following
Ref. [1], are listed below along with other important predictions of this proposal:

<& The SDMEF / FDMEF follows the same intensity fluctuations
and polarization properties of the SERS signal through the factor M, (@),
as observed for the SERS continuum.

< There is no MEF in the absence of adsorbed molecules, as for
the SERS continuum. We note that this is still a contentious point in relation to
the SERS continuum itself, since there are conflicting reports of whether the
SERS continuum is observed or not in the absence of adsorbed molecules.
These have been tentatively attributed to problems of surface cleanliness and
impurities [41]. Our experiments support this view: the MEF / SERS
background only disappears upon thorough plasma cleaning.

X The issue of surface cleanliness and impurities is even more
problematic for non-resonant molecules, since the SERS signals are much
smaller [31] and therefore potentially more affected by contaminations. The
MEF from organic impurities [41] could therefore account for the SERS
background of non-resonant molecules.

< Contrary to what is generally thought, MEF is possible even
for molecules in direct contact with the metal, as is often the case in SERS. This
was shown and discussed extensively in Sec. 2.3 7.
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< The underlying resonance that should characterize the SPM of
the MEF (and therefore the SERS background within our proposal) is not seen
in most SERS experiments because of its large inhomogeneous broadening for
most substrates and the typically small spectral window usually probed with
high dispersion gratings. Our ability to identify it as such in Figs. 2.5, 2.6, 2.7 is
a direct consequence of the high uniformity of the resonances in our structures
and the wide spectral window.

<* As mentioned, in UFDMEF conditions, the spectral profile is
mostly independent of the molecule, and could therefore account for the lower
energy peak of the SERS continuum observed in Ref. [14] (previously attributed
to electronic Raman scattering or to LSP luminescence).

<& One interesting consequence of the MEF interpretation
concerns the behaviour of the SERS background when changing laser excitation.
Depending on the specific SERS conditions, the background may consist of
either SDMEF, FDMEF (possibly UFDMEF), or both. When changing
excitation wavelength, the SDMEF signals should retain their spectral profile,
but the FDMEF should be shifted together with the laser in a similar fashion as a
Raman signal, thus potentially explaining conflicting reports regarding the
actual nature (Raman vs. luminescence) of the SERS background.

This proposal obviously requires further investigation. It is clear,
however, that the possibility of a MEF background (possibly strongly modified
spectrally) should be considered in any interpretations of the SERS continuum.
It is likely that this could account for many (if not all) observations of the SERS
continuum, in particular for SERS of resonant or pre-resonant analytes such as
dyes. In fact, in all the spectra presented in this chapter, the SERS signal is
clearly observed and the underlying background could have been ascribed from
a SERS perspective to a “SERS continuum” of unknown origin.

2.5 2. Polarization Effects

In the theoretical and experimental discussion presented so far, we have
not discussed any polarization effects such as: () the dependence of the LSP

resonances upon the incident polarization, or (if) the nature of the polarization
of the emitted fluorescence signal. This choice simplified the presentation of the
principles of SPM in MEF and did not affect the interpretations of the
experimental results, which were obtained from NP arrays with no (or only a
weak) polarization dependence.
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Figure 2.8: Adapted and reproduced with permission from J. Phys.
Chem. C 2008, 112, 8117-8121. Copyright 2008 American Chemical Society.

(a) Representative SEM image of gold prolate NPs. Height is =50 nm and
dimensions in the plane are 140nm (X ) by 90nm (Y) (b) Extinction

spectrum, QeX and Qey, for X - and Y -polarized excitation. (c) MEF spectra

at 633 nm excitation after dipping the array in a 10~ M Rh6G solution. SERS
peaks can be seen on top of the modified MEF spectrum. Detection is
unpolarized and excitation is polarized along X (X -U)or Y (Y-U).

Also shown (dashed lines) are the extinction spectra O and Q! , for X - and

€
Y -polarized excitation. The spectral profile of MEF follows Q7 (&) in both

cases. (d) MEF spectra for E -polarized excitation and D -polarized detection
(i.e. four configurations, ED=XX, XY, YX, YY ). ltis clear that the MEF

spectral profile follows Q:) , i.e. it is determined by the detection polarization.
The excitation polarization only affects the overall MEF intensity. As a

consequence, the MEF signal for Y -polarized excitation is almost entirely X -
polarized (YX is much larger than YY ).

It is however possible to design specifically NP arrays with a strong
polarization dependence in order to investigate polarization effects. This has
recently been reported [21] using arrays of “elongated” gold NPs (with elliptic
cross-section), which exhibit two distinct LSP resonances, each associated with
a polarization along the two main axis of the ellipse. The spectral response for
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each resonance, Q. (@) and Q) (@), can be measured by polarized extinction

measurements. Some of the resuits of this study are illustrated in Fig. 2.8, which
is explained in the caption. We mention here briefly the main conclusions:

< The incident polarization only affects the coupling to the LSP
resonances at the laser frequency @, , i.e. the local field enhancement factor at

@, . It has no effect on the spectral profile of fluorescence.

<& The MEF spectrum is in general affected by both resonance
profiles Qex (@) and Q: (@) .

< The respective contributions of these two resonances can be
separated experimentally by analyzing the polarization of the MEF signal. The

MEF signal for polarized detection along X simply follows a spectral profile
= QX (@, )ng,, (@) (and similarly for ¥).

<& A rather spectacular consequence of this is that the spectral
profile of MEF for a given fluorophore adsorbed on a given array may be
dramatically different when analyzed with one polarization or the other. Along
the same line, the fluorescence depolarization ratio is predominantly dictated by

the underlying LSP resonances and is therefore @ -dependent and can, under

appropriate conditions, be as large as =10, i.e. there is an almost complete
polarization rotation of the MEF spectrum with respect to the incident
polarization.

These experimental results confirm and extend the interpretations given
earlier. We refer the reader to Ref. [21] for further details and discussion of
these results in the context of SERS and in relation to surface selection rules [45,
46].

2.5 3. Further Experiments

The experimental results presented so far demonstrate clearly the
existence of a strong SPM in MEF conditions. However, it remains difficult to
distinguish between the Slow-Dynamics and Fast-Dynamics regime of MEF
from these results. Additional experiments can be envisaged to provide more
direct evidence for FDMEF and study the transition between these two regimes.
The easiest approach (possibly) would be to carry out a distance-dependence
study of the MEF; for example using dielectric spacers. If non-radiative
emission is important for molecules directly adsorbed on the metal, its
proportion should decrease dramatically as the molecule moves away from the

surface (even by a few nm), i.e. the decay rate I';, becomes slower and
SDMEF becomes more likely. In the meantime, the spectral profile of the
radiative enhancement factor My, (@) is not expected to vary much. Any

60



Spectral Profile Modifications in MEF Le Ru et al

spectral profile changes as a function of distance would therefore be a strong
indication of a transition from a FDMEF- (or UFDMEF-) dominated regime to a
SDMEF regime.

Another interesting extension of the experiments presented here would
be to study the SPM of the MEF in single molecule (SM) conditions. The SERS
signal of single fluorescing molecules are now routinely observed [47, 48], and
one would then only need to study the accompanying fluorescence background.
Unfortunately, single molecule SERS has not been yet achieved in highly
controlled conditions and many problems may therefore arise in the

interpretation of the results. It is in particular difficult to (/) measure the

underlying LSP resonance associated with a given SM event, and (i7) measure

and subtract the background signal not associated with the SM event (extrinsic
fluorescence, etc...).

2.5 4. Conclusion And Outlook

With the benefit of hindsight, it is possible to claim that spectral
modifications of the fluorescence profile have been to a large degree overlooked
in the literature, although occasionally hinted at [11, 22, 23]. But this oversight
can be easily understood in many ways. For a start, most studies in the past
have focused on the seemingly more “urgent” matter of total (spectrally
integrated) properties of fluorophores on surfaces; and in particular on the very
important question of whether the dyes will emit more or less overall
fluorescence through the interaction. The effects described here, however, are a
step forward in our basic understanding of fluorescence emission in close
proximity of surfaces. By including explicitly in the treatment the spectral
modification of the emission, a new dimension is added to the problem and new
directions are immediately evident. From a wider standpoint, it is to some
extent paradoxical that one of the clearest effects revealed by the spectral
modification of the fluorescence arises from optical excitation in the low energy
tail of the absorption of a dye (as in the case of Rh6G at 633 nm). This situation
produces a fairly featureless background fluorescence emission that is more
susceptible then to reveal the spectral profile of the underlying plasmon
resonances. Indeed, it is worth noting that this is a situation that would be
deemed as not very interesting in the realms of conventional fluorescence
spectroscopy (where one would try to excite as much fluorescence as possible
by using an excitation at much shorter wavelengths tuned to the dye absorption).
This latter point is, in fact, partially (but not completely) responsible for the
delay hitherto in the published literature to single out the phenomenon of
spectral modification of the fluorescence emission as an “effect in its own right”.

Undoubtedly -together with an improved understanding of the
fluorescence process itself— many possible new paths are now open for further
research and the results highlighted in this chapter have much wider
implications.  The striking connection with the “elusive” nature of SERS
backgrounds mentioned in Sec. 2.5, for example, is certainly one such promising
area of likely future developments. As it stands at the moment, we would argue
the spectral profile modification of the MEF signal provides the most natural
explanation to all the known phenomenology of SERS backgrounds. If this
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latter connection is confirmed by future research, a new layer of understanding
will emerge in the related technique of SERS. This would also tighten the link
between the two techniques, SERS and MEF, which despite their common
“plamonics” basis, have been largely studied so far as two independent entities.

2.6 NOTE

A number of recent papers dealing with similar concepts as those
discussed in this chapter have appeared in the literature [49,50,51] after the
writing of this manuscript.

Some of the basic electromagnetic models mentioned here are also
extensively discussed in Ref. [52].
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