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Chapter 5

Migration-assisted energy
transfer at polymer/metal
interfaces
Summary
The dynamics of exciton quenching in a conjugated polymer due to the presence
of metal films is analyzed using time-resolved photoluminescence. The quenching
is governed by direct radiationless energy transfer to the metal and is further enhanced by diffusion of excitons into the depletion area of the exciton population at
the polymer/metal interface. The time-resolved luminescence is described by a numerical exciton diffusion model with the energy transfer incorporated via long-range
dipole-dipole interaction at the metallic mirror. This allows us to disentangle the
contributions from direct energy transfer to the metal and exciton migration to the
exciton quenching process. For an aluminum electrode strong exciton quenching occurs in a region of typically 15 nm, which can be decomposed in a characteristic
energy transfer range of 7.5 nm and an exciton diffusion length of 6 nm.
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Introduction

In PLEDs [1,2] metallic electrodes are used to inject charge carriers that subsequently
form excitons. However, the presence of a metallic film allows excitons to transfer
their energy nonradiatively towards the electrode, thereby lowering the efficiency of
the PLED [3]. Also in photovoltaic devices [4, 5] excitons formed upon photoexcitation can transfer their energy to the metallic electrodes, thereby reducing the yield of
free charge-carrier production [6]. The effect of metal films on the photoluminescence
(PL) and electroluminescence (EL) of conjugated polymers has been extensively studied using time-integrated PL [3]. From the dependence of the PL quantum yield on
the thickness of the polymer film a typical width of the exciton quenching region can
be estimated. For cyanoderivatives of poly(p-phenylene vinylene) (PPV) it has been
demonstrated that both PL and EL of the polymer are strongly quenched within a
typical distance of 20 nm from gold or aluminum interfaces [3]. The obtained characteristic quenching distance with respect to the metal interface can then be used as a
measure for the effectiveness of the exciton quenching process. However, it does not
discriminate between various mechanisms that contribute to the quenching process.
In fact, there are two main processes that are responsible for exciton quenching by
metallic films.
The first is the nonradiative energy transfer from the excited polymer to the
metal via long-range dipole-dipole interaction. This process provides an extra exciton
decay channel and results in an enhancement of the nonradiative decay rate close
to the metal. The radiative (intrinsic) properties of the emissive species are also
modified by the metal mirror due to interference effects. This has been demonstrated
to be important for highly luminescent conjugated polymers [3]; radiative exciton
lifetime modification increases with increasing luminescence quantum efficiency of
the material and becomes distinct at long distances from the metal interface [7, 8].
A detailed theory of an oscillating dipole and energy transfer near metal interfaces
has been developed [9, 10] and agreement between experiment and theory has been
demonstrated by Chance and co-workers [7,11]. It should be noted that for calculating
the lifetime (or quantum efficiency) of the luminescence of a conjugated polymer near
a metal interface additional assumptions about the dipole orientation and intrinsic
quantum efficiency need to be made.
The second process is the migration of the excitation energy inside the conjugated
polymer. The occurrence of nonradiative energy transfer to the the metal will lead
to a gradient in the exciton population close to the metallic film. As a result, excitons will diffuse towards the metal interface, which increases the overall efficiency of
the exciton quenching process. The exciton diffusion length in conjugated polymers,
typically 5-10 nm [12, 13], is of the same order of magnitude as the estimates for the
range of energy transfer to the metal. Therefore, a fundamental question to be solved
is which of these two processes is mainly responsible for the quenching of excitons at
metallic interfaces. In order to disentangle these two contributions, knowledge about
the exciton migration dynamics, characterized by the exciton diffusion coefficient, is
required. So far, the study of exciton diffusion in conjugated polymers has mainly
been focused on the extraction of the exciton diffusion length LD . In a recent study,

Migration-assisted energy transfer at polymer/metal interfaces

61

we were able to extract both exciton diffusion coefficients and diffusion lengths from
time-resolved PL measurements on a bilayer model system, consisting of PPV-based
conjugated polymers and a polymerized fullerene [12, 14, 15]. In this chapter we analyze the dynamics of the quenching of excitons at metal interfaces by monitoring
the time-resolved luminescence of a PPV-based conjugated polymer. Our knowledge
of the exciton migration in the neat polymer enables us to disentangle the contributions from both the exciton diffusion and energy transfer to the metal, to the exciton
quenching process.

5.2

Excitons at metal interfaces

An extensive physics literature on the effects of luminescence modification due to the
presence of metals exists. In this section we provide a selected summary of those
results that concern performance of polymer optoelectronic devices.
A competition between radiative and nonradiative excitonic processes in conjugated polymer light-emitting diodes as well as in photovoltaics governs the device
efficiency. Most of optoelectronic devices contain metallic films used as charge injection or collection electrodes, or mirrors for light out-coupling or concentration. The
presence of a metal film will always influence the properties of the emitting material.
Microcavities have been used to narrow the linewidth and tune the emission color
from conjugated polymers [16]. It has been also shown that spontaneous emission
rate of fluorophores [17], and conjugated polymers in particular [18], can be greatly
enhanced or suppressed by the use of metal islands, metal colloids, metal surfaces, or
mirrors.
Generally, the luminescence lifetime τ is related to the rate constants for radiative
(kr ) and nonradiative (knr ) decay by
1
= kr + knr ,
τ

(5.1)

where the radiative lifetime is 1/kr . The quantum efficiency for luminescence qr is
given by
³ k
´
r
qr = b
,
(5.2)
kr + knr
where the branching ratio b is the fraction of absorbed photons leading to singlet excitons. The balance between the radiative and the nonradiative decay rates therefore
determines the luminescence efficiency. At that, the presence of a metallic interface
opens up additional nonradiative (knr ) exciton loss channels and alters radiative (kr )
’intrinsic’ properties of the polymer phase of the device.
The effect of metal films on PL and EL of conjugated polymers has been extensively studied; and experimental data of luminescence quantum efficiency for polymer
films of varying thickness in front of metal layers, have been reported to characterize the overall exciton quenching process [3]. In this study Becker and co-workers
have demonstrated that both PL and EL of cyano- derivatives of poly(p-phenylene
vinylene) (PPV) are strongly quenched within a typical distance of 20 nm from gold
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Figure 5.1: Radiation from excited molecule in the center of spherical mirror [19].

or aluminum interfaces. A complete theoretical description of exciton quenching in
polymer films at metal interfaces requires an understanding and characterization of
the whole set of relevant excitonic processes. Besides thermally activated exciton diffusion, which shifts a part of the exciton population toward the quenching well at the
metallic interface, there are effects of the metal mirror, that alter both radiative (kr )
and nonradiative (knr ) decay rates.

5.2.1

Interference effects

To demonstrate modification of the radiative decay rates let us consider the radiation
of an oscillating electric dipole (an excited molecule) in the very center of a spherical
mirror(Fig. 5.1).If the radius of the mirror is for instance 1.75λ (Fig. 5.1, upper case),
constructive interference of the direct and reflected wave will occur in all directions
of the upper half-space. Since the radiated intensity is proportional to the square
of the amplitude, the probability for radiation is four times as large as without the
mirror. Into the lower half space there is no radiation due to the mirror. Therefore the
integrated probability for radiation will be twice as large as without the mirror. This
means the decay time of the molecule in the center of the mirror will be half the decay
time of the molecule in free space (assuming there are no competing nonradiative
deactivation processes). On the other hand, if the radius of the spherical mirror is for
instance 2λ (Fig. 5.1, lower case), the direct and reflected beam interfere destructively
and thus the excited molecule cannot radiate at all (decay time infinite).
In the same way as shown for a spherical mirror the fluorescence decay time is
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affected by a plane mirror. Analytical form of the decay time τ dependence on distance
d from the mirror has been derived by Drexhage and coworkers by integration of the
intensity above the mirror [8, 20]:
• axis of electric dipole oscillator perpendicular to the mirror
Z
h
i−1
τ⊥
3 1
= 1−
ρk (u)(1 − u2 ) cos(xu − δk (u))du
;
τ∞
2 0

(5.3)

• axis of electric dipole oscillator parallel to the mirror
Z
h
i i−1
τk
3 1h
= 1+
ρ⊥ (u) cos(xu−δ⊥ (u))+ρk (u)u2 cos(xu−δk (u)) du
, (5.4)
τ∞
4 0
where x = 4πnd/λ; u is a cosine of the incidence angle; ρk , ρ⊥ - reflection coefficients
of the mirror, δk , δ⊥ - phase shifts on reflection by the mirror.
The decay times for electric dipoles parallel and perpendicular to a golden mirror
are simulated and shown in Fig. 5.2a for the idealized case (no nonradiative processes).
If transition dipole moment does not have any preferred orientation, the expected
decay time τa (Fig. 5.2a, solid curve) is given by the average
1
2 1
1 1
=
+
.
τa
3 τk
3 τ⊥

(5.5)

A decrease in the lifetime is found when the reflected field is in-phase with the fluorophore’s oscillating dipole; and an increase in the lifetime is observed if the reflected
field is out-of-phase with the oscilating dipole. The amplitude of the decay time
oscillations reduces with distance from the mirror; at large distances τ → τ∞ .
In the above considerations, possible radiationless deactivation processes, which
are not affected by the mirror, were omitted. The quantum yield of the emitting state
q must be known for simulation of the true decay time. The anisotropy of the dipole
moment orientations is another important issue that should be taken into account.
For instance, fabrication of the polymer films by spin-coating implies preferential
orientation of the dipole moments parallel to the interface. Simulation of the decay
time for q = 0.3 and η = 90 % of the dipoles oriented in-plane is shown in Fig. 5.2b.
A quantum yield q < 1 leads to a less pronounced variation of the fluorescence decay
time in front of the mirror, because in this case the radiationless deactivation processes
which are not affected by the mirror, have an influence on the decay time.
The possibility of altering the radiative decay rates was demonstrated by Drexhage
in 1966 by measurements of the decay times of europium (Eu3+ ) complex positioned at
various distances from a planar silver mirror [20]. Fatty acid layers were deposited by
Langmuir-Blodgett technique to separate a fluorescent dye from the metal interface.
The lifetime oscillate with distance but remain a single exponential at each distance
(Fig. 143). This effect can be again explained by changes in the phase of the reflected
field with distance and the effects of this reflected field on the fluorophore. The
interference theory presented above has been used to model these experimental data

64

Chapter 5

Figure 5.2: Decay time of the dipole oscillator in front of a gold mirror. q = 1 and
η = 67 %(random) (a); q = 0.3 and η = 90 %.

and a fit with quantum yield q = 0.7 (Fig. 5.3, dash curve) has demonstrated a good
agreement with experiment [19]. The effects of a plane mirror occur over distances
comparable to the excitation and emission wavelengths. The disagreement at short
distances is due to the energy transfer from the excited molecules to the silver layer,
which is responsible for a strong exciton quenching at very metal interfaces and is of
the high importance for device performance.

5.2.2

Energy transfer

The effect of a metal film on the lifetime of an excited molecule has been elegantly
determined by Chance and coworkers by the use of the energy flux method where the
total energy flux through infinite planes above and below the dipole is calculated [7].
It gives separate expressions for the effects of interference on the radiative decay rate
and of nonradiative energy transfer on the nonradiative decay.
The nature of the nonradiative anergy transfer depends on the distance of the
oscillating dipole to the metal. In the broad distance range the interaction of the
dipole with the electron gas of the metal is dominated by the bulk effects (electronphonon or electron-impurity scattering). This implies an inverse cubic distance x
dependence of the transfer rate
rme =

1 x0 3
,
τ∞ x3

(5.6)

where τ∞ is the intrinsic exciton lifetime, and x0 is the characteristic distance of
the energy transfer [7, 9]. Eq. 5.6 has been experimentally demonstrated to hold for
distances down to 3 nm [28]. This study the quenching of anthracene fluorescence by
the thick aluminum contact has been monitored, while varying the fluorophore-metal
separation distance by applying different number of fatty acid monolayers. Similar
experiments on phosphorescence in pyrazine/physisorbed Ar/nickel structures showed
the same distance dependence for spacer thicknesses down to 8 Å [23].
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Figure 5.3: Lifetime of Eu3+ ions in front of a silver mirror as a function of separation between the Eu3+ ions and the mirror. Experimental data (•) are
those of Drexhage [19, 20]. Dash curve is a theoretical fit with Eq. 5.5
assuming q = 0.7. The solid curve also shows energy transfer effect
taken into account [21].

An analytical expression for the transfer range x0 has been derived in Ref. [7] by
Chance and co-workers
x0 3 =

3 λ3 Θ
n 2 K2
.
3
2
2
32 π n1 (n1 + n2 − K2 2 )2 + 4n2 2 K2 2

(5.7)

Here λ is the resonant wavelength, and Θ is a geometric factor varying with orientation
of the molecule with respect to the metal (1 for a horizontal dipole, 2 for a vertical
one, and 4/3 for randomly oriented dipoles). n1 is the refractive index of the media,
while n2 +iK2 represents the complex refractive index of the metal with the imaginary
part responsible for energy absorption.
At short distances scattering by the surface must be accounted for to consider
momentum conservation of metal electrons. A theory developed by Persson and coworkers has predicted an additional 1/x4 term to the Eq. 5.6 [10, 24]. Considerable
input of this component into the transfer rate distance dependence has been experimentally demonstrated by rhodamine 6G fluorescence lifetime modification at thick
aluminum layers with spacer thickness variation up to 6 nm [29].
Chance an co-workers [21] have demonstrated that luminescence lifetime measurements performed by Drexhage for Eu3+ complex at silver interface can be accurately
modelled by taking both nonradiative energy transfer and interference effects into
account (Fig. 5.3, solid curve).
Metal films of finite thickness. Polymer-based optoelectronic devices, like tandem
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Figure 5.4: The effect of metal mirror thickness on the energy transfer rate parameter β; s is a mirror thickness, d is a dipole-mirror separation, and K2
is the imaginary part of the refractive index of metal [7]. In all cases
n1 = n3 = 1.52 and n2 = 0.06. Geometry of the dipole-thin metal
mirror system is shown on the left.

photovoltaic cells, use semitransparent films of evaporated metals [!Afshin]. Thus
the effect of the finite metal film thickness on the energy transfer rate and on the
emitter lifetime becomes important. Simulation of the energy transfer rate has been
performed by Chance and co-workers with the use of the energy flux method for the
range of values of the metal complex refractive index ñ2 [7]. Results are presented in
the form of energy transfer parameter β (β ≡ x0 3 for an infinite metal film), which
now shows dependence on the mirror thickness s to the dipole-mirror separation d
ratio (Fig. 5.4). The real part of ñ2 is selected as 0.06 and the imaginary part covers
a span from the value 4.11 (silver film) to the value of 1.52 (matching condition for
Eq. 5.7). The monotonically decreasing curve (with decreasing s/d) which describes
the matching condition is seen to develop a peak as K2 moves away from the matching
condition. This peak in the case of silver film (K2 = 4.11) is seen to be quite high,
rising more then two orders of magnitude over the value for a thick film. The latter
analysis clearly demonstrates that the energy transfer efficiency can be dramatically
enhanced by the use of finite (very thin) metal films. So, considerable increase of
the characteristic energy transfer distance x0 is expected at semitransparent metal
contacts.
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Figure 5.5: PL quenching (, right axis) in NRS-PPV/LiF/Al structures vs polymer ﬁlm thickness; the solid line is a guide to the eye. The relative
quenching was derived by integration of the PL decay curves (inset).
In the schematic diagram of the sample conﬁguration exciton quenching is represented as a combination of diﬀusion and energy transfer to
the metal.

5.3

Energy transfer disentanglement

In order to construct polymer/spacer layer/metal heterostructures (Fig. 5.5), poly[2(4-(3 ,7 -dimethyloctyloxyphenyl))-co-2-methoxy-5-(3 ,7 -dimethyloctyloxy)-1,4-phenylene vinylene] (NRS-PPV) was spin coated from a toluene solution on top of the glass
substrate under nitrogen atmosphere. Subsequently, thin transparent spacer layers
of LiF were thermally evaporated on top of the polymer ﬁlms and served as exciton
blocking layers [26]. Finally, gold or aluminum layers were thermally evaporated on
top of the spacer layers. Variation of the spacer layer thickness was employed to
investigate the distance dependence of the nonradiative energy-transfer rate.
First, time-resolved PL measurements were performed on NRS-PPV/LiF/aluminum heterostructures. LiF/Al ﬁlms are widely used as cathodes in polymer photovoltaic cells and light-emitting diodes. The use of a LiF spacer layer has the advantage
in that it prevents diﬀusion of metal atoms into the polymer layer. A LiF layer of
5 nm and 100 nm of aluminum were thermally evaporated on top of NRS-PPV ﬁlms
with varying thicknesses. As a ﬁrst step a comparison of the (time-integrated) areas
under the PL decay curves for structures with and without metal interfaces provides a simple empirical measure for the eﬃciency of the PL quenching by the metal.
As demonstrated before [3], the dependence of the time-integrated PL on polymer
thickness then provides a direct estimate of the width of the quenching zone at the
polymer/metal interface. In Fig. 1 the relative time-integrated PL quenching [12] is
plotted for various NRS-PPV ﬁlm thicknesses. It appears that strong exciton quench-
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Figure 5.6: Normalized luminescence decay curves for both the NRSPPV/LiF/gold structure (•)and neat NRS-PPV as a reference
(solid line). Simulation of these data by Eq. (3) with transfer range x0
as a fit parameter.

ing is observed within typically 15 nm from the Al/LiF interface. Note that this width
is representative for the total exciton quenching process. As a next step we also investigated NRS-PPV/LiF/gold heterostructures; they are known to be chemically
stable model systems with an eﬃcient energy transfer. A normalized and deconvoluted luminescence decay curve of a 22 nm conjugated polymer ﬁlm is depicted in
Fig. 5.6, together with the reference luminescence decay curve of the neat polymer
ﬁlm. Upon the photoexcitation of the polymer excitons are formed. Their migration
and nonradiative energy transfer to the metal result in a faster decay of the polymer
luminescence. The LiF layer serves as a dielectric spacer and blocks excitons [26, 27],
which allows study of the exciton quenching as a function of distance from the metal
interface.
The exciton migration process is characterized by the exciton diﬀusion constant
D and the exciton diﬀusion length LD , which are related by

LD = Dτ∞ ,
(5.8)
where τ∞ is the exciton lifetime that accounts for the total process of radiative and
nonradiative exciton decay. In a recent study an exciton diﬀusion coeﬃcient of 3 ×
10−4 cm2 /s for NRS-PPV has been deduced [14].
The distance (x) dependence of the nonradiative decay rate constant rme for organics in front of metal interfaces has been studied both experimentally [28, 29] and
theoreticaly [7], where a general expression has been derived within classical light
reﬂection theory. For the case of interest, corresponding to a small distance between
emissive molecule and metal in comparison with the resonant wavelength, it can be
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approximated with a x−3 dependence (Eq. (5.6)) [7, 30].
In order to model the time-resolved luminescence quenching in polymer/spacer/metal heterostructures and derive the transfer range x0 experimentally, we have combined the one-dimensional exciton diffusion equation [Eq. (3.1)] for the photoexcitation density distribution n(x, t) [14, 30] with Eq. (5.6),
"
µ
¶3 #
∂n(x, t)
∂ 2 n(x, t) n(x, t)
x0
=D
−
1+
+ g(x, t).
(5.9)
∂t
∂x2
τ∞
x+d
The spatial variable x represents the distance from the polymer/spacer interface.
In the second term, responsible for the decay of the exciton population, quenching
by the metal is represented by a distance-dependent nonradiative energy-transfer
subterm, where d stands for the thickness of the spacer layer. The last term describes
the exciton generation process and is governed by the spatially dependent absorption
profile of the femtosecond laser pulse. The contribution of interference effects into the
photogeneration profile is negligible in view of the small thicknesses of the polymer
films under consideration. Thus an exponential distance dependence of the intensity
of the excitation beam reflected from the metal interface is used for g(x, t). The
time dependence of this term is approximated by a delta function, as the excitation
pulse width (200 fs) is short in comparison to the dynamics of the quenching. At
both polymer film interfaces the boundary condition ∂n(x = L)/∂x=0 is applied,
representing negligible surface quenching and the absence of exciton current on both
boundaries. It should be noted that processing by spin coating implies that polymeric
chains are mostly aligned in plane of the substrate. However, since exciton diffusion is
mainly governed by interchain processes [31,32], in-plane exciton diffusion is expected
not to prevail. Therefore, a one-dimensional model gives a good approximation of the
exciton migration process.
In general, when the emissive layer is separated from the metal by a dielectric layer
(Fig. 5.5), the expression for the transfer rate in Eq. (5.6) and the corresponding term
in Eq. (5.9) have to be modified due to the difference in dielectric constants. If the
spacer dielectric constant is larger than the dielectric constant of the emissive layer,
it is expected that the energy-transfer rate to the metal becomes smaller because of
the suppression of the electrostatic interaction of an oscillating dipole with the metal.
In our study, the intermediate dielectric layer of LiF has a similar dielectric constant
(ε∞ ≈ 2) as the emissive conjugated polymer [33,34]. Therefore, a direct substitution
of Eq. (5.6) into the diffusion equation can be made, extending the distance x from
the polymer/spacer interface with the spacer thickness d.
rme =

1
τ∞

µ

x0
x+d

¶3
.

(5.10)

To account for the exciton lifetime τ∞ the neat NRS-PPV film luminescence decay
curve is recorded. A time-dependent exciton lifetime is used for analytical description
of the nonmonoexponential luminescence decay [14]. Thus, the PL decay curve of
the NRS-PPV/LiF/gold structure in Fig. 5.6 can now be numerically modeled by
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Figure 5.7: Energy-transfer range x0 vs LiF spacer layer thickness in NRSPPV/LiF/Au heterostructures. The inset shows the chemical structure
of NRS-PPV.

Eq. (5.9), with the neat polymer luminescence decay as a reference. The only ﬁt
parameter, the energy-transfer range x0 , is derived to be 9.2 nm for NRS-PPV ﬁlm
in front of a gold mirror with a 5-nm LiF spacer in between. Thus, the process of the
energy transfer to the metal is disentangled from the exciton migration mechanism,
which in turn can be spatially characterized by the exciton diﬀusion length, LD ≈
6 nm in pristine NRS-PPV ﬁlms [12, 14].
In order to verify the x−3 distance dependence in our system and check the assumption made in Eq. (5.10), we have varied the thickness of the LiF spacer layer.
PL decay curves analogous to Fig. 5.6 as a function of polymer ﬁlm thickness were
recorded for LiF exciton blocking layers varying from 3 to 13 nm in thickness. Analysis of these data with Eq. (5.9) provided the energy-transfer range x0 for polymer ﬁlms
at various distances from the quenching metal. When the distance dependence of the
exciton quenching is correctly described by Eq. (5.10), the parameter x0 should be independent on the geometry of the structure used. Indeed, as shown in Fig. 5.7, x0 was
found to be independent on the spacer layer thickness d within the range studied; x0
only slightly ﬂuctuates around an average number of 9.5 nm. This agreement proves
the applicability of the inverse cubic distance dependence of the energy-transfer rate
to the structures used in our study. Since the polymer ﬁlm thickness is limited to
only 35 nm, interference eﬀects on the radiative lifetime can be excluded [3].
Present polymer LEDs and photovoltaic devices often employ a cathode that consists of a thin LiF layer with aluminum evaporated on top [35, 36]. Time-integrated
PL quenching in NRS-PPV/LiF/Al heterostructures has been presented in Fig. 5.5.
Subsequently, polymer luminescence decay curves were measured and, analogously
to gold, analyzed in these structures for diﬀerent thicknesses of a polymer ﬁlm and
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Figure 5.8: Steady-state exciton density proﬁles simulated for NRS-PPV/Al heterostructures with experimentally determined values for x0 and D. The
inset shows deconvoluted and normalized PL decay curves for NRSPPV/LiF/Al structures for diﬀerent polymer ﬁlm thicknesses (symbols) with the simulation of these data by Eq. (5.9) with transfer range
x0 =7.5 nm (solid lines).

constant thickness (5 nm) of the LiF spacer layer. In the inset of Fig. 5.8 luminescence decay curves are presented together with the ﬁt to Eq. (5.9), which results in
derivation of an energy-transfer range of 7.5 nm for the aluminum electrode. The
reduction of the energy-transfer distance as compared to gold is predicted by theory (Eq. (5.7)) [7] and is in qualitative agreement with the higher imaginary part
of the complex refractive index of aluminum (K2 = 6.33) in comparison with gold
(K2 = 2.86) [37, 38].
With the energy-transfer range x0 known we can simulate exciton density proﬁles
at the polymer/Al interface, using x0 and D as input parameters. In this simulation steady-state uniform exciton generation is assumed to demonstrate the eﬀect
of exciton quenching in terms of energy transfer and exciton diﬀusion. Figure 5.8
shows the redistribution of the steady-state exciton density proﬁle due to exciton
migration for NRS-PPV/LiF/Al heterostructures. Compared to “localized”excitons
(D = 0) the exciton population is shifted further away from the metal interface due
to the enhanced quenching. Furthermore, due to the diﬀusion-driven ﬂow of excitons
toward the metal interface, the exciton population at distances smaller than 5 nm
exceeds the population of localized excitons. Relative quenching of mobile excitons
estimated from areas under the curves in Fig. 5.8 for a 30-nm NRS-PPV ﬁlm at an
Al interface amounts to 38%, in contrast to 30% for virtually localized ones. Thus,
the time-integrated relative quenching shown in Fig. 5.5 can now be quantitatively
understood. The strong quenching, which is observed within a typical distance of
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15 nm from the aluminum interface, is due to the direct energy transfer to the metal
with a characteristic distance of 7.5 nm, being further enhanced by an exciton density
redistribution characterized by a diffusion length of 6 nm.

5.4

Conclusions

In summary, we have studied exciton quenching in conjugated polymer films due to the
presence of a metal contact. Time-resolved PL measurements have been performed
for characterization of this process. Nonradiative energy transfer is disentangled from
the exciton migration process by the use of a diffusion-assisted energy-transfer model.
The inverse cubic distance dependence of the energy-transfer rate has been demonstrated to be applicable to polymer/metal structures at distances of several tens of
nanometers. Analysis of the luminescence decay curves resulted in typical energytransfer ranges of 9.5 and 7.5 nm for gold and aluminum, respectively.
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