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Single-molecule fluorescence near a metal layer
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Abstract

A theoretical study of the fluorescence emission properties of a single dye molecule near a metal film is presented. The
study accounts not only for the well-known fluorescing quenching of a dye near a metal interface, but also for the reduced
photobleaching rate due to the enhanced de-excitation rate. It is shown that despite the high fluorescence quenching rates,
the increased photostability of the molecule makes spectroscopic studies on single-molecule level feasible. q 1999 Elsevier
Science B.V. All rights reserved.

1. Introduction

The fluorescence of single molecules is a fascinat-
ing research topic. The fluorescence emission of
almost all molecules can be described fairly well by
an electric-dipole model. Thus, studying the fluores-

Žcence characteristics mainly angular distribution,
.polarization and lifetime of a single molecule is

equivalent to studying the electrodynamics of a sin-
Žgle, nearly point size dipole from an optical point of

.view . Apart from the emission of such a dipole
within a dielectrically homogeneous environment
Ž .free-dipole emission , the interaction of an emitting
dipole with dielectric or metallic interfaces or cavi-
ties offers a rich playground for studying basic ques-
tions in electrodynamics, and also for obtaining valu-
able insight into the details of the fluorescing
molecule’s photophysics.

In a series of seminal papers, Drexhage et al.
studied the interaction of a layer of fluorescing dye

) Tel.: q49-941-943-4048; fax: q49-941-943-4491; e-mail:
joerg.enderlein@chemie.uni-regensburg.de

Ž .europium chelates with a metal interface already in
Ž w x.the 1960s see review 1 . In these papers, the main

question was the dependence of the emission rate
Ž .viz. fluorescence lifetime on the distance between
the dye layer and the metal surface. The ultimate
theoretical description of these experiments was pre-

w xsented in a excellent paper by Chance et al. 2 .
In another series of theoretical papers, Lukosz and

w xKunz 3–8 studied in detail the interaction of fluoro-
phores with dielectric interfaces and layers. Inspired

w xby this theoretical work, Lieberherr et al. 9,10
performed a number of experiments concerned with
the emission of fluorescent dyes within solvents with
different dielectric constants, and of dye layers ad-
sorbed on substrates with different dielectric con-
stants. The main goal of these experiments was, by
changing the dielectric properties of the dye environ-
ment and thus influencing only the radiative transi-
tion rate of the excited molecule, to obtain direct
information about the radiative and non-radiative
transition rates of the studied dye molecules. All
these experiments were always performed on large
ensembles of molecules.
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With the advent of single-molecule detection by
laser-induced fluorescence, it became possible to
study the emission of a single fluorophore and its
interaction with interfaces or cavities. The big advan-
tage of this single-molecule approach is that one can
study fluctuations in the molecular behavior which
are usually averaged out when performing measure-
ments on large ensembles of molecules. The most
striking example is the so-called blinking behavior of
single fluorophores, when the molecule switches re-
peatedly between a fluorescing state and a non-fluo-

w xrescing dark state 11–18 .
By placing the molecules near interfaces with

Ždifferent dielectric properties without changing any-
.thing else in their environment and comparing their

fluorescence behavior, one can gain deeper insight
into the photophysical mechanisms governing their
fluorescence, in analogy to the work of Lieberherr et
al. concerning monomolecular dye layers. In this
respect, changing the electromagnetic environment
of a molecule by placing it at different distances
from a metal filmrsurface is the most elegant way,
because the distance between the molecule and the
metal surface can be adjusted with great precision
Ž w x.by Langmuir–Blodgett films as spacer 1 , and
when changing this distance, no other environmental
property is changed. Thus, the system single
molecule–dielectric–metal is an ideal system to study
the electrodynamics of fluorescence emission.

However, metal layers are of great importance
also from a completely different point of view. Metal
surfaces play a unique role in biomolecular activities
such as the self-assembly and self-organization of
proteins and lipids, a topic which has recently at-

w xtracted a great deal of attention. In 19 , Yokota et al.
report the first successful detection of single tetram-
ethylrhodamine and Cy5 molecules attached to pro-
tein molecules on metal surfaces.

One apparent difficulty with such an experimental
Žapproach is that for close distances and thus strong

.interactions between a fluorescing molecule and a
metal surface, large fluorescence quenching effects
should be expected, due to an increasing energy
transfer from the excited molecule to the metal.
Thus, one could expect to be unable to see a suffi-
ciently large fluorescence signal from a single
molecule to make such an experiment feasible. How-
ever, it is often overseen that the same energy trans-

fer that quenches the fluorescence also enhances the
photostability of the molecule due to the shortening
of the excited-state lifetime. This can be seen with
the following simple rate argument: If the non-radia-
tive decay rate is k , if the radiative decay rate andnr

yield are k and Q , and the photobleaching rate andf f

yield are k and Q , than one has immediately thatb b

the number of emitted photons is Nsk rk sf b

Q rQ . In other words, the number of emitted pho-f b

tons does not depend on the non-radiative decay rate,
w xk . Already Hirschfeld 20 pointed out that, whennr

dealing with single molecules, the fluorescence quan-
tum-yield is not as important as the average number
of fluorescence photons that are emitted by a
molecule until photobleaching. Thus, when consider-
ing the feasibility of single molecule spectroscopy
experiments near a metal surface, one has to study
the overall number of detectable luminescence pho-
tons taking into account the fluorescence quenching,
additional radiative decay channels, and the in-
creased photostability, since the relevant parameter
to single molecule experiments is the total number N
of emitted photons; instead of computing the appar-

w xent quantum yield 1,2 we will compute N. In the
present paper, we give a comprehensive theoretical
study of this problem. In Section 2, a brief overview
of the theoretical approach used is given. In Section
3, numerical results are presented for a realistic

Žexperimental configuration single-molecule fluores-
.cence at 670 nm near an aluminum film .

2. Theory

The theoretical framework of our study will be a
semiclassical approach that is completely equivalent
to a quantum-mechanical treatment which is based
on electromagnetic-field mode density calculations
w x21 . The system studied is depicted in Fig. 1. In
order to perform an experiment where a single
molecule is positioned at different distances relative
to the metal film, some sort of solid support is
necessary. A molecule is adsorbed directly on a glass

Ž .cover slip refractive index n which is covered bygl

a layer of thickness h of spacer molecules with
refractive index n . On top of this layer, a metalw

film with complex refractive index n and thicknessm

d is deposited. For simplicity, the half-space above
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Fig. 1. Schematic view of the studied experimental set-up. A
fluorescing dye molecule is adsorbed on a glass cover-slip with
refractive index n . On the cover slip, a layer of spacer moleculesgl

is deposited, e.g. by a Langmuir–Blodgett technique. This layer
has a thickness h and a refractive index n . On top of this layer,w

a thin metal film with thickness d and refractive index n ism

sputtered. The refractive index of the medium above the metal
film is the same a that of the spacer layer. Fluorescence excitation
is assumed to be done by the evanescent field of a laser beam
which is directed onto the metal film from above. Fluorescence
detection is performed by an oil-immersion objective from below.

the metal layer is assumed to have the same refrac-
tive index n as the layer of spacer molecules. In aw

real experiment, the fluorescence excitation would
preferably be done through the metal film in an

Ževanescent manner for reducing scattering and
.back-reflection of the exciting light , and the detec-

tion would be done through the cover slip with a
high-numerical-aperture oil immersion objective. The
question we will study here is how many photons
will be, on average, detected from a single molecule,
and the dependence of this number upon the metal
film distance h and the film thickness d. To answer
this question, we will calculate two quantities: the
total emission rate of the emitting dipole, and the
amount of light emitted into the light-collecting mi-
croscope objective.

The total emission rate can be found in the fol-
™

lowing way. First, one considers the electric field ED

of an emitting free dipole embedded within a homo-
geneous medium with refractive index n . Second,w

™
one determines the back-reaction field E generatedR

by the interaction of the free field with the glass and
the metal film. This back-reaction field performs
work on the dipole, which may enhance or suppress
the dipole emission. The total emission rate S is then
the sum of the emission rate of the free dipole,
S sv n k 3 p2r3, plus a contribution caused by the0 w 0

™
back reaction of E on the dipole, and is given byR
w x2 :

v n k 3 p2 v ™w 0 ™Ss q pP Im E 0 , 1Ž . Ž .R3 2
™where p is the dipole moment amplitude, k is the0

vacuum wave vector amplitude of light, k svrc,0

v is the oscillation frequency of the dipole, c is the
™ Ž .vacuum speed of light, and E 0 is the back reac-R

tion field amplitude at the dipole’s position.
Thus, one has to determine the value of the back

reaction field at the dipole’s position. We start with
the following plane-wave integral representation of

™
the electric field amplitude E of the emission fieldD

Žof a fluorescing molecule within a homogeneous
.medium with refractive index n , which is consid-w

ered to be an ideal oscillating electric dipole:

™ ™ ™31 d k exp ikPrŽ .™ ™ ™™ ™ ™2E r s k pyk kPp .Ž . H ž /D 2 2 2 2n 2p k ykw w

2Ž .

Here, k is an abbreviation for the wave-vectorw
™amplitude n vrc; r is the three-dimensional coor-w

dinate vector of the point where the electric field
Žamplitude is calculated the molecule’s position is

™.assumed to be the coordinate system’s origin ; k is a
™3three-dimensional integration variable, Hd k symbol-

™
izes integration over the three-dimensional k-space.

Ž .Performing in Eq. 2 the integration along the
Ž .vertical direction z-direction in Fig. 1 , one arrives

at

™2i d q™ ™ ™™ ™2 " "E s k pyk k PpH ž /D w w w2 l2p n ww

= ™ ™ < <exp iqPrq il z , 3Ž .Ž .w

™™ ™ "Ž .where we used the abbreviations rs r, z , k sw
™ ™2 2 2 " 2 2Ž . Ž .(q," l , l s k yq , k ' k , and Hd q de-w w w w w

notes integration over the whole two-dimensional
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Fig. 2. Geometry of the plane-wave reflection and transmission at the spacerrglass boundary. A similar geometry apples for the
spacerrmetal boundary.

™q-space. The plus sign in the above equation applies
™if z)0, the minus sign if z-0. The vectors r and

™™ ™ "q are the vector parts of r and k perpendicular tow

the z-direction. The value of l is assumed to liew

always within the first quadrant of the complex
Ž .plane. In deriving Eq. 3 by performing the integra-

Ž .tion in Eq. 2 , Sommerfeld’s radiation condition
Žwas taken into account only outgoing plane waves

Ž ..can occur in Eq. 3 . The plane-wave representation
Ž .of Eq. 3 is completely equivalent to the Hertz

w xvector-approach as used in Ref. 2 , Ch. 2. By rewrit-
™ ™ing the two-dimensional vector q as q s

Ž .u cos c ,sin c and performing explicitly the integra-
Ž .tion over c in Eq. 3 , one arrives at a similar

integral representation for the electric field amplitude
w xas presented in Ref. 2 .

Ž .In the next step, it is useful to separate in Eq. 3
Žexplicitly p-waves magnetic field vector parallel to

. Žthe interfaces and s-waves electric field vector
.parallel to the interfaces . By direct substitution, the

™ ™" Ž .following relation can be proved for k s q," l :w w

™ ™ 2 2" " " " " "ˆk mk y k Is k k mk qk mkˆ ˆ ˆ ˆŽ . Ž . ž /w w w w p w p w s s

4Ž .

ˆwhere I is the unit matrix, the symbol m denotes
™™Ž .tensorial multiplication, amb sa b , and the unitjk j k

vectors k " and k are given byˆ ˆp w s

1
"k s .l q ,qŽ .ˆ ˆp w wk 5Ž .w

k s z=q ,0Ž .ˆ ˆ ˆs

™where q and z are unit vectors along q and theˆ ˆ
Ž .z-axis, respectively see Fig. 2 . The unit vectors

k " and k are the electric field polarization unitˆ ˆp w s

vectors of p- and s-waves with respect to the plane
Ž . Ž . Ž .zs0 see Fig. 2 . Substituting Eq. 4 into Eq. 3 ,

one obtains
™2 2ik d q™ 0 ™ ™" "E s k k Pp qk k Ppˆ ˆ ˆ ˆŽ .H ž /D p w p w s s2p lw

= ™ ™ < <exp iqPrq il z . 6Ž .Ž .w

The last equation is the plane wave representation
of the electric field of a free dipole embedded within
a homogeneous medium with refractive index n .w

Interaction of this dipole field with the dielectric
interfaces as depicted in Fig. 1 results in the back-re-

™
action field E . The simplest way to calculate thisR
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field is by calculating the multiple reflections for all
Ž .the plane waves in Eq. 6 . For doing so, one has

first to know the reflection coefficients for a single
reflection of the p- and s-waves at the upper
Ž . Ž .spacerrmetal and lower spacerrglass interfaces.
These coefficients are functions of the wave vector

Ž .component l . For the lower interface, the singlew

reflection coefficients are simply given by Fresnel’s
2 2 2ŽŽ .. w xformulas l s n yn q l 22 :(gl gl w w

n2 l yn2 l l y lgl w w gl w gl0 0r l s , r l s , 7Ž . Ž . Ž .p w s w2 2 l q ln l qn l w glgl w w gl

where r 0 refers to a p-wave reflection, and r 0 to ap s

s-wave reflection, and the superscript 0 indicates that
the coefficients refer to a reflection at the lower
interface. The reflection coefficients at the metal
layer can be derived by a transfer matrix approach

Žand read in our case with abbreviation lm
2 2 2 .(s n yn q l :m w w

1 Ž .r lp w

Ž 2 i d lm . 2 4 4 2e y1 l n y n lŽ .w m w m
s ,

2 i d l 2 4 4 2 2 i d l 2 2m mŽ . Ž .e y1 l n q n l y2 e q1 n n l lŽ .w m w m m w m w

1 Ž .r ls w

Ž 2 i d lm . 2 2e y1 l y lŽ .w m
s , 8Ž .2 i d l 2 2 2 i d lm mŽ . Ž .e y1 l q l y2 e q1 l lŽ .w m m w

where, again, the subscripts denote the p- and s-wave
reflection, and the superscript 1 indicates that the
reflection takes place at the upper interface.

™
When calculating the field E , one has to takeR

into account all the infinite multiple reflections of
the plane waves at the two interfaces. Four qualita-
tively different cases have to be distinguished: the
plane wave is reflected an uneven number of times,
with the first reflection either at the upper interface
Ž . Ž .Fig. 3a , or at the lower interface Fig. 3b ; alterna-
tively the plane wave is reflected an even number of
times, with the first reflection either at the upper

Ž . Ž .interface Fig. 3c , or at the lower interface Fig. 3d .
For our further purposes, we are only interested in

™
the value of the field E at the dipole’s positionR

Ž .rs0, zs0 back reaction field . Taking into ac-
count the four different reflection possibilities de-

Fig. 3. Schematic illustration of the four distinct cases of plane-
wave multiple reflection that give rise to the four integrals in Eq.
Ž .9 . For further explanation see text.

™ Ž .scribed above, this back reaction field E 0 is builtR

up by the following four integrals:

™2 2ik d q™ 0 ™y 1 qE 0 s k R k PpŽ . ˆ ˆH Ž .žR p w p p w2p lw

ik 2
0™1qk R k Pp exp 2 idl qŽ .ˆ ˆŽ . /s s s w 2p

=

™2d q
™ ™q 0 y 0k R k Pp qk R k Ppˆ ˆ ˆ ˆŽ .H Ž .ž /p w p p w s s slw

™2 2ik d q0 ™q 0 1 qq k R r k Ppˆ ˆH Ž .ž p w p p p w2p lw

™0 1qk R r k Pp exp 2 idlŽ .ˆ ˆŽ . /s s s s w

™2 2ik d q0 ™y 1 0 yq k R r k Ppˆ ˆH Ž .ž p w p p p w2p lw

™1 1qk R r k Pp exp 2 idl . 9Ž . Ž .ˆ ˆŽ . /s s s s w
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where the R0,1 are multiple reflection coefficientsp ,s

given by

r 0,1 lŽ .p , s w0,1R l s .Ž .p , s w 0 11yr l r l exp 2 ihlŽ . Ž . Ž .p , s w p , s w w

10Ž .

It remains to determine which part of the dipole
emission is radiated into the glass. Thus, we need to
know the transmission coefficients t for a planep ,s

p- and s-wave at the spacerrglass interface. These
are again given by Fresnel’s formulas:

2n n l 2 lw gl w w
t l s , t l s . 11Ž . Ž . Ž .p w p w2 2 l q ln l qn l w glgl w w gl

Considering the transitions of the plane waves in
Ž .representation Eq. 6 into the glass, and taking into

account all multiple reflection possibilities, two
qualitatively different processes have to be distin-
guished: transitions of plane waves with an even

Žnumber of reflections within the spacer layer Fig.
.4a , and transitions with an uneven number of reflec-

Ž .tions Fig. 4b . Then, the transmitted electric field on
the glass side is given by

™2 2ik d q™ 0™E r sŽ . HT 2p lw

=
R0 R0

p s™ ™y yk t k Pp qk t k Ppˆ ˆ ˆ ˆŽ .Ž .pgl p p w s s s0 0ž /r rp s

=

™2 2ik d q0™ ™ < <exp iqPrq il z q Hž /gl 2p lw

™ ™y 1 q 1= k t R k Pp qk t R k Ppˆ ˆ ˆ ˆŽ .Ž .ž /pgl p p p w s s s s

= ™ ™ < <exp iqPrq il z q2 idl 12Ž .ž /gl w

where the additional unit vector

1
yk s l q ,q 13Ž .ˆ ˆŽ .pgl glkgl

was introduced.
™

The flux intensity S of electromagnetic radiation
™

is given by the Poynting vector S:

c™ ™ ™
)Ss Re E =B . 14Ž .Ž .

8p

Fig. 4. Schematic illustration of the two distinct cases of plane-
wave multiple reflection and transmission that give rise to the two

Ž .integrals in Eq. 12 . For further explanation see text.

™ ™ ™Ž .For a propagating plane wave, E exp ik Pr , thegl

flux intensity of electromagnetic radiation into the
™ ™2Ž . < <direction of k is given by Ss cn r8p E . Bygl gl

comparing this with the plane wave representation of
™ Ž .E in Eq. 12 , one finds that the flux intensityT

Ž .emitted into the glass half-space z-0 into a solid
™ ™2 Ž .angle element dV in direction k s q,y l willgl gl gl

w xbe proportional to 23
22 2 0 0d S k l n R R0 gl gl p sy y<sC P k t k qk t kˆ ˆ ˆ ˆpgl p p w s s s2 0 02p ldV r rwgl p s

2™y 1 q 1 2 i d l w <q k t R k qk t R k e Ppˆ ˆ ˆ ˆž /pgl p p p w s s s s

15Ž .

Here, C denotes a proportionality constant. In deriv-
Ž .ing Eq. 15 we have taken into account that the

solid angle element dV 2 is given bygl

™2d q
2dV s . 16Ž .gl k n l0 gl gl

Ž .The constant C can be found by noting that Eq. 15
has to describe the angular distribution of radiation

2
™ ™2 2 2Ž .of a free dipole, ck r8p n k p y k Pp ,0 gl gl glž /ž /

in the case of equal refractive indices for all layers,
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n s n s n . Then, R1 s R1 s 0, t s t s 1,w m gl p s p s

R0 rr 0 ™1, and one obtainsp ,s p ,s

p c
Cs . 17Ž .2 22n kgl 0

For finding the total emission S_ which is collected
Ž .by an loss-free immersion-oil microscope objective

with numerical aperture NA, one has to integrate Eq.
Ž .15 of the solid angle of collection of the objective.
Thus,

d2Su 2pmax
S_s du df 18Ž .H H 2dV0 0 gl

™Ž . Ž < < .where u sarcsin NArn , usarctan q rl ,max gl gl
Ž .and fsarctan q rq .y x

Ž . Ž . Ž .With the results of Eq. 1 , Eq. 9 , Eq. 15 , and
Ž .Eq. 18 , we are able to compute the average number

of photons that are emitted by a molecule and col-
lected by the microscope objective. Assuming that
photodestruction occurs only when the molecule is in
the excited state, the photodestruction yield will be
proportional to the lifetime of the excited state,
which is given by tsS t rS, where t denotes the0 0 0

lifetime of the free dipole. On the other hand, the
quantity of photons emitted into the glass is given by
S_rS. Now, the average number N of photons which
is emitted into the objective until the molecule is
photobleached is proportional to the product of S_rS
and the inverse of the photobleaching yield. Thus,
we arrive at

NsS_N rS 19Ž .0 0

where N is the average number of photons emitted0

by a free molecule until photobleaching.
The interesting result is that although the ratio

ŽS_rS may be quite small only a very small part of
.the molecule’s energy is emitted into the glass , the

number N can be reasonably large. In other words,
although for every excitation–emission cycle the
probability to detect a photon is small, this is com-
pensated for by the much reduced lifetime of the
excited state causing the molecule to survive many
more excitation–emission cycles than without
quenching.

3. Numerical results and discussion

In the numerical calculations, we have chosen the
following parameter values: n s1.33, n s1.5,w gl

Žemission wavelength ls670 nm emission maxi-
.mum of the common Cy5 dye . We performed calcu-

lations for films of the following metals: silver, gold,
copper, aluminum, beryllium, chrome, nickel, palla-
dium, platinum, titanium and tungsten. For calculat-
ing the corresponding complex refractive indices, we

w xused a Brendel–Bormann model as described in 24 .
It transpired that for the chosen emission wavelength
aluminum had the most dramatic effect on the emis-
sion properties. Here, we will only show results for
aluminum and silver films. The result for gold is
nearly identical to that for silver. At 670 nm, the
complex refractive index of aluminum is n s1.45m

q7.7i, and for silver it is n s0.16q4.07i. As am

Ž .Fig. 5. a Ratio S_rS of the emission rate into the microscope
objective S_ to the total de-excitation rate S versus distance h

Ž . Ž5.from a 20 nm aluminum film for vertical H and parallel
emission dipole orientation. The distance h is given in units of the

Ž .wavelength l. b Same as Fig. 5a, but for a 20 nm silver film.
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Ž .Fig. 6. a Ratio NrN sS_rS of the number of detectable0 0
Ž .photons for the glassrspacerraluminum film 20 nm system to

Ž .that in the homogeneous case n s1.33 . Shown are the resultsw
Ž . Ž5.for vertical H and parallel emission dipole orientation. The

Ž .distance h is given in units of the wavelength l. b Same as Fig.
6a, but for a 20 nm silver film.

typical value for film thickness we have chosen
ds20 nm, and the numerical aperture NA of the
microscope objective was assumed to be 1.4.

In Fig. 5, the ratio S_rS of the emission rate into
the objective, S_, to the total de-excitation rate, S,
was plotted against the film distance, h, for vertical
Ž . Žalong z-direction and parallel with respect to the

.interface emission dipole orientations. As can be
seen, for small values of h, one has strong fluores-
cence quenching resulting in a very low probability
to detect a photon from the excited molecule. But the
situation changes if one plots the ratio NrN s0

S_rS , as shown in Fig. 6. This ratio gives the0

average number of detected photons compared with
that emitted into a solid angle of 2p by a free dye
molecule in a medium with refractive index n . Forw

a vertical dipole orientation and direct adjacency of
Ž .the metal film hs0 , the average number of de-

tectable photons is more than two times larger than
N . But even for a parallel dipole orientation, the0

average number of detectable photons is much higher
than one would expect from looking at Fig. 5. The
ratio NrN is larger than unity for large values of h0

because of the fact that the metal film is reflecting
light back into the glass and also that the jump in the
refractive index from n to n at the molecule’sw gl

position favors emission into the glass.
In our considerations, we did not pay any atten-

tion to light scattering. For detecting all the possible
photons from a molecule near a metal film until
photobleaching, one has to excite it much more often
than is the case for a molecule without metal film. A
possible approach would be fluorescence excitation
by surface-plasmon excitation within the metal film,
as indicated in Fig. 1. Surface plasmons yield a high
but localized field strength in the direct vicinity of
the metal film, thus being a good means for fluores-
cence excitation without causing too much scatter-
ing. Indeed, such an approach was used by Yokota et

w xal. 19 in their successful detection of single
molecules on metal films. In their work, they noticed
that silver films yield a roughly five-times higher
fluorescence intensity than aluminum films. This
discrepancy to our result is probably caused by the
much better efficiency of surface-plasmon excitation
in silver films than in aluminum films. In the present
paper, we were concerned only with the properties of
fluorescence emission, but did not take into account
particularities of the fluorescence excitation.
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