
Absolute measurements of the triplet-triplet annihilation rate and the charge-carrier
recombination layer thickness in working polymer light-emitting diodes based on

polyspirobifluorene

C. Rothe,* H. A. Al Attar, and A. P. Monkman
Department of Physics, University of Durham, Durham DH1 3LE, England

�Received 26 April 2005; revised manuscript received 18 July 2005; published 27 October 2005�

The triplet exciton densities in electroluminescent devices prepared from two polyspirobifluorene derivatives
have been investigated by means of time-resolved transient triplet absorption as a function of optical and
electrical excitation power at 20 K. Because of the low mobility of the triplet excitons at this temperature, the
triplet generation profile within the active polymer layer is preserved throughout the triplet lifetime and as a
consequence the absolute triplet-triplet annihilation efficiency is not homogeneously distributed but depends on
position within the active layer. This then gives a method to measure the charge-carrier recombination layer
after electrical excitation relative to the light penetration depth, which is identical to the triplet generation layer
after optical excitation. With the latter being obtained from ellipsometry, an absolute value of 5 nm is found for
the exciton formation layer in polyspirobifluorene devices. This layer increases to 11 nm if the balance between
the electron and the hole mobility is improved by chemically modifying the polymer backbone. Also, and
consistent with previous work, triplet diffusion is dispersive at low temperature. As a consequence of this, the
triplet-triplet annihilation rate is not a constant in the classical sense but depends on the triplet excitation dose.
At 20 K and for typical excitation doses, absolute values of the latter rate are of the order of 10−14 cm3 s−1.
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INTRODUCTION

The active polymer layer is the centerpiece of a polymer
light-emitting diode, which must allow for a balanced
charge-carrier injection as well as exhibit decent transport
properties for both electrons and holes. Following charge-
carrier recombination, in the best case, the subsequently cre-
ated singlet exciton decays radiatively and thus contributes
to the sample emission. However, for pristine polymers,
three-quarters of the recombination events initially lead to
the formation of nonemission triplet excitons.1 Though
dominant, this is by far not the only loss mechanism for
pristine polymer light-emitting diodes. Additionally, unbal-
anced electron and hole injection may lead to dark currents.2

To circumvent this, one could either match the electrode ma-
terials to the highest occupied molecular orbital �HOMO�
and lowest unoccupied molecular orbital �LUMO� level of
the polymer or chemically modify the polymer itself toward
the energy levels of the given electrodes, typically ITO and a
low work-function metal.3 Even if balanced injection is
achieved, any significant difference between the electron and
hole mobility �a commonly observed situation4� would result
in a charge-carrier recombination zone that is located close
to the electrode that injects the low mobility carrier. Again
this may open quenching pathways and thus lower the quan-
tum efficiency of the device.5 Therefore in the ideal scenario,
electrons and holes are injected in equal proportions and
meet each other in the center of the active polymer layer.
Alternatively, the charge-carrier recombination zone for
multilayer devices may be engineered by choice of the ap-
propriate layer materials.6 However, such a device structure
is difficult to put into practice when using the cost-effective
ink-jet printing technique. On the other hand, there is no
reliable method so far for measuring the position and width

of the charge-carrier recombination layer in single-layer de-
vices. Potentially, one could measure the ratio of electron
and hole mobility and in this way infer the position of the
recombination layer from the active layer thickness. In this
context, the commonly employed time-of-flight �TOF� tech-
nique is only capable of probing the mobility of one of the
two charge carriers. Even so, this method demands great
skills from the experimentalist as the results obtained are
often unreliable. Therefore, at present the device perfor-
mance is optimized by a trial-and-error method rather than a
true measurement. Alternatively, one could turn to a new
optical method in order to achieve the charge-carrier layer
thickness.

For high triplet generation doses both optically and elec-
trically excited, bimolecular triplet annihilation is the domi-
nant decay mechanism of the triplet exciton in polyfluorene
derivatives.7–9 If the triplets are immobile, which is the case
at low temperature,7,8 then triplet-triplet annihilation will be
most efficient within the triplet generation layer, which for
electric excitation is identical to the charge-carrier recombi-
nation layer. Therefore, the layer thickness is a natural pa-
rameter that influences the steady-state triplet density at low
temperature and the layer thickness itself can be gained from
an analysis of the triplet density as a function of the excita-
tion dose. The triplet density after optical and electrical ex-
citation may be probed by observing the phosphorescence
intensity.8,10 However, with the latter method the data are
taken pointwise, which is very time-consuming. It is more
efficient to measure the buildup of the triplet density during
continuous excitation by means of transient triplet absorption
detection. In this way, time essentially parametrizes the ex-
citation dose, and each curve contains a whole range of
doses. Here we demonstrate how this technique can be used
to obtain accurate recombination layer thicknesses by means
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of a representative conjugated polymer, and in a further ap-
plication we show that balancing the charge-carrier mobili-
ties of this polymer yields a wider recombination layer.

EXPERIMENTAL

In this study, we investigate two types of blue emitting
electroluminescent devices based either on pristine
polyspirobifluorene �homopolymer� or on a very similar co-
polymer which exhibits improved hole injection and trans-
port properties by means of randomly chemically bound
triphenylamine moieties �TAD� within the polyspirobifluo-
rene backbone.6,11 All chemical structures are depicted in
Fig. 1. As a consequence of the spiro-linkage, both these
polymers are inert against backbone oxidation, which other-
wise results in the formation of weakly emissive defect sites
associated with fluorenone.12 Thus, with special regard to
electrical excitation, we investigate genuine polymer proper-
ties rather than effects associated with electrons trapped in
such keto-defect sites.

The polymer devices were provided by Philips Research
Eindhoven and details about their fabrication are given
elsewhere.13 Briefly, the diode structure is comprised of a
ITO/PEDOT:PSS �poly-�3,4-ethylenedioxythiophene�:poly-
�styrenesulforic acid�� anode, the 80 nm spin-coated polymer
layer �90 nm for the copolymer�, and the evaporated Ba/Al
cathode �5 nm barium capped with 100 nm aluminum�. Be-
fore leaving the nitrogen atmosphere, the devices were fin-
ished using a getter and a permanently sealed metal cap in
order to protect the cathode from water and oxygen.

All experiments were performed at 20 K, with the device
being mounted onto the cool finger of an optically and elec-

trically accessible closed cycle displex helium cryostat. A 25
mW continuous-wave 400 nm laser diode module �La-
ser2000� was employed to photoexcite the active area of the
device �3 mm diam� perpendicular to the sample surface.
Here, a neutral density filter wheel allowed to attenuate the
excitation power, which was measured using an OPHIR
power meter. A 100 W HP current pulse generator provided
the electrical excitation.

The triplet exciton density was probed close to the maxi-
mum of its corresponding transient absorption spectrum us-
ing a 50 mW 785 nm laser diode module �Laser2000�. This
probe beam was focused onto the active area of the device,
reflected by the cathode, passed through an appropriate cut-
off filter to reject sample emission, detected by a Si photo-
diode combined with a 200 MHz transimpedance amplifier
�Femto�, and monitored by a 1 GHz Oscilloscope �Agilent�.
Hence, all original transient absorption data have the units
volts V. The experiment was repeated with a frequency of 0.2
Hz in order to allow for a sufficient triplet decay between the
subsequent excitation pulses, and at least 100 excitation
pulses were accumulated for one dataset. In doing so,
changes in the transient absorption ��T /T� of 10−4 with a
temporal resolution of 10 ns could be measured. Importantly,
all measurements on a single device were made under iden-
tical conditions, i.e., there was no need to change the geom-
etry of the setup in order to switch between optical and elec-
trical excitation mode.

The device emission consisting of fluorescence and phos-
phorescence has been measured by means of a fast and sen-
sitive setup based on a gated CCD camera �4Picos, Stanford
Computer Optics�, which probes the dispersed sample emis-
sion as a function of time. Details for this setup are given
elsewhere.8

Ellipsometric data were acquired with a variable angle
spectroscopic ellipsometer �VASETM, J.A.Woollam� of the
rotating analyzer type. All measurements were performed in
air at room temperature for two angles of incidence 65° and
75°, and in the wavelength range of 200–1000 nm in steps of
10 nm. In order to increase the accuracy of the modeling for
both polymers, a range of samples possessing different layer
thicknesses were characterized independently. Spectroscopic
ellipsometry data for blank Si/SiO2 substrates were acquired
as well and the thickness of the SiO2 layer determined. These
substrate properties were applied to model the polymer sys-
tem. From several previous studies on similar polyfluorene
derivatives,14,15 it is known that the polymer chains arrange
themselves predominantly in the plane, i.e., parallel rather
than perpendicular to the substrate surface during the spin
coating. This leads to an anisotropic structure that is uniaxial
with the optical axis in a specific direction. Measurements at
different azimuth angles indeed indicate that our samples
were symmetric with respect to rotation about the surface
normal. Therefore, we assume our samples to be uniaxial
with the optical axis perpendicular to the sample surface and
both polar and azimuth angles are set to zero during the
fitting procedure. As shall be shown, our main interest within
the present study is to accurately determine the ordinary op-
tical constants, therefore only thin samples below 80 nm
were considered. The anisotropic characteristics of such
samples are very weak and a simple uniaxial model con-

FIG. 1. Chemical structures of the investigated polymers.
Above: Repeat unit of the polyspirobifluorene homopolymer; be-
low: the TAD-type hole transport moiety that is randomly incorpo-
rated in the above polymer backbone for the copolymer.

ROTHE, AL ATTAR, AND MONKMAN PHYSICAL REVIEW B 72, 155330 �2005�

155330-2



structed from ordinary and extraordinary optical constants
�subscripts o and e, respectively� using the Cauchy equation
no,e���=Ao,e+ �Bo,e /�2�+ �Co,e /�4� to model the wavelength-
dependent ordinary and extraordinary refractive index. Here,
A is called the coefficient of refraction and B ,C the coeffi-
cients of dispersion.16 The fitting was first achieved for the
spectral range 550–1000 nm where the absorption of both
polymers is negligible. With all Cauchy parameters plus the
polymer layer thickness being variable, an excellent global
fitting was obtained. The mean-square error �MSE� and the
correlation matrix were examined to insure the independence
of the ordinary relative to the extraordinary optical constants.
Thickness and Cauchy parameters were then fixed and the
ordinary and extraordinary optical constants �n and k� inde-
pendently fitted successively extending into the absorption
region. We note here that this method is only applicable to
thin samples where both �optd ��opt is the absorption coeffi-
cient and d the sample thickness� and the z component of the
anisotropy have a weak influence on the propagation of the
electromagnetic field.

RESULTS AND DISCUSSION

Shown in Fig. 2 are some characteristic spectra of a co-
polymer thin film including room-temperature absorption
�S0→S1� and excited-state triplet absorption �T1→Tn� as
well as low-temperature prompt fluorescence �S0←S1� and
phosphorescence �S0←T1�. These data are very similar to
the corresponding homopolymer spectra that have been pub-
lished recently,1 which suggests that the TAD moieties of the
copolymer have no major influence of the photophysics of
polyspirobifluorene as such.

Figure 3 shows the buildup of the triplet density during
both electrical and optical continuous excitation by means of
time-resolved transient triplet absorption. Here, an initial lin-
ear rise of the triplet density smoothly turns into a saturation
regime. Furthermore, following the excitation pulse the trip-
let density decays much faster as compared to the monomo-
lecular triplet lifetime, which at 20 K is about 1 s.8,17 Con-
sistent with foregoing work on polyfluorene derivatives,7–10

both these observations verify that the triplet density within
the device is subject to bimolecular triplet annihilation,

which in our experimental situation clearly emerges as the
main decay path for the triplet excitons. In this framework,
the time dependence of the triplet density or the shape of the
observed transient triplet absorption curves, respectively,
contains information about the nature of triplet-triplet anni-
hilation, in particular of its associated rate constant, �TT.

Thus, we set out to simulate the measured graphs using an
appropriate model, which then allows us to extract param-
eters of physical relevance. The starting point is the rate
equation for the triplet generation without the monomolecu-
lar decay term. Such a treatment is legitimate as long as the
considered time span is much smaller than the monomolecu-
lar triplet lifetime �t�1 s�. Initially, and in common with all
classical treatments, it is assumed that the triplet generation
occurs homogeneously throughout the active layer,

dI�t�
dt

= I0 − �TT�I�t��2 �1�

with I0 being the triplet generation rate. This yields the time-
dependent triplet density, I�t�, as

FIG. 2. Some spectra of the copolymer including transient trip-
let absorption �a�, phosphorescence �b�, prompt fluorescence �c�,
and absorption spectra �d�. The dashed lines indicate the optical
excitation and the transient absorption probe energy, respectively.

FIG. 3. �Color� Two typical time-resolved induced absorption
datasets for the homopolymer during optically �30 mW/cm2, black�
and electrically �6 V, green� exciting the device for 1 ms. In order to
better evaluate the initial time region, the insets show the same data
in a semilogarithmic fashion. In part �a�, simulations according to
the homogeneous triplet generation model, Eq. �2�, are included as
red and blue solid lines. Similarly, part �b� contains fits to the inho-
mogeneous triplet generation model, Eq. �5�. For the latter case, the
obtained initial slopes and the steady-state values are shown as
dotted and dashed straight lines, respectively.
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I�t� =� I0

�TT
tanh�t�I0�TT� . �2�

Within this model, the observed initial slope and the corre-
sponding saturation level are directly proportional to I0 and
�I0, respectively. This, however, is inconsistent with the ex-
perimentally observed curves shown in Fig. 3. In this special
situation, the green dataset �electric excitation� rises rela-
tively faster than the black one �optical excitation�. However,
the latter, slower rising, curve finally approaches a higher
steady-state value. Such a behavior cannot be explained by
Eq. �1�. Thus, it is not astonishing that simulations according
to Eq. �2� fail to reproduce the observed graphs. For all
datasets, the initial rise is underestimated �see the semiloga-
rithmic inset of Fig. 3�a�� and the turnover into the saturation
regime occurs too early.

Subsequently, a more realistic scenario is discussed. We
assume that the triplet excitons are mainly generated in a thin
layer with an exponential density profile rather than homo-
geneously throughout the whole thickness of the device. The
logic behind this is immediately clear for optical excitation
as here the penetration depth is an exponential function char-
acterized by �opt. Thus, initially for optical excitation the
triplet density is higher at the ITO surface of the device. A
similar situation also holds true for electrical excitation.
Here, the carrier mobility for all common conjugated
homopolymers is generally unsymmetrical.4 In the present
situation, the homopolymer polyspirobifluorene is an elec-
tron transporting material.18 Therefore, the carrier recombi-
nation is expected to take place close to the anode interface
where the less mobile holes are injected. Though little is
known, here the thickness profile of this charge-carrier re-
combination zone shall also be described by an exponential
function, characterized by �el. Thus, the triplet �and simulta-
neously the singlet� generation rate is supposed to be higher
in the area close to the ITO anode and exponentially dimin-
ishes toward the cathode surface. The above arguments are
of special importance as at low temperature �for the materials
studied here T�60 K �Ref. 19�� the triplet diffusion is
dispersive,8 which means that after a few downhill jumps in
energy, the triplet excitons become essentially trapped within
the intrinsic density of energetic states �DOS�.20 Besides,
such inefficient migration is accompanied by a triplet-triplet
annihilation efficiency that is reduced relative to room
temperature,8 which is in fact the reason why low tempera-
ture has been used throughout. Immobile triplets imply that
the initial inhomogeneity of the triplet generation cannot be
compensated by migration and thus is preserved during the
whole triplet lifetime. From the aforementioned it follows
that the absolute number of triplet excitons annihilating each
other depends on the sample depth, x, relative to the triplet
generation surface, which in our case is the anode for both
excitation modes.

Quantitatively, the rate equation is modified to

dI�x,t�
dt

= I0�e−�x − �TT�I�x,t��2, �3�

where I0�e−�x denotes the triplet generation at a sample
depth x. It is now important to remember that the overall

triplet-triplet annihilation is proportional to the sum of the
individual layers at a certain sample depth x, rather than to
the overall triplet density. Therefore, in order to find the
overall triplet density I�t�, first Eq. �3� has to be solved for
each polymer layer x followed by integration over all x. Note
again that this treatment is only legitimate as long as the
triplets are immobile. As the triplet generation is independent
of time, the solution of Eq. �3� is identical in its structure to
Eq. �2� and essentially describes the time-dependent triplet
density limited by bimolecular annihilation for an infinitesi-
mally thin layer of the device at a distance from the surface
x. Then, the overall triplet density, as experimentally probed,
is given by

I�t� =
2

�TT�t
ln cosh�t�I0��TT� . �4�

This relation holds true if the triplet generation layer �both
for optical and electrical excitation� is much smaller than the
sample thickness. The slope of the above equation at time
zero is given as dI�t→0� /dt= I0 and simply reflects the fact
that at early times the triplet density follows the triplet gen-
eration rate, as here bimolecular annihilation is not yet ac-
tive. In line with intuitive reasoning, the initial rate is inde-
pendent of �el/opt. Hereafter, the superscripts “el” and “opt”
refer to electric and optical excitation, respectively. For
steady-state conditions, Eq. �4� yields I�t→��=�4I0 /��TT.
In common with the classical treatment �homogeneous triplet
generation�, this time-independent triplet density is propor-
tional to the square root of the quotient of generation and
annihilation rate. Unlike the classical value, for inhomoge-
neous triplet generation the absorptivity also occurs in the
steady-state value as the latter is proportional to the square
root of the absorption layer thickness. For example, a thinner
recombination zone yields a smaller steady-state value for
the triplet density. Again this is intuitively clear as a thin
layer with high absorption coefficient leads to high triplet
densities accompanied by high bimolecular annihilation effi-
ciencies; essentially this thin zone shields the incoming ex-
citation flux from a deeper penetration into the sample. The
dependence of the steady-state triplet density on the triplet
generation layer thickness now allows us to clarify the at first
glance puzzling observation of Fig. 3. Remember, here a
higher triplet generation rate of the electrically excited curve
is accompanied by a lower steady-state value relative to the
optical one, respectively. From Eq. �4�, one now concludes
that �el��opt, i.e., the charge-carrier recombination layer is
smaller than the light penetration depth at the excitation
wavelength.

To gain further quantitative insight, we first note that Eq.
�4� yields � and �TT for any individual experiment not as
independent, free parameters. Therefore, it is convenient to
rewrite Eq. �4� as

	I�t� =
�T�t�

T
=

2

ta
ln cosh�tc� �5�

with a=��TT/	 and c=���TTI0. Here we have additionally
introduced the quantity 	, which denotes the constant of pro-
portionality between the true triplet density �I�t�� and the
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experimentally measured normalized change in transient
triplet absorption ��T�t� /T�. In particular, with respect to
optical and electrical excitation, for our experiments there is
only one 	, because the transient triplet absorption was al-
ways measured under unchanged experimental conditions.
Thus, the electrical and optical datasets are in a fixed relative
ratio to each other. This condition implicitly assumes identi-
cal triplets after electrical and optical excitation. This general
knowledge was confirmed by measuring the energetic posi-
tion �phosphorescence spectra� as well as the radiative life-
time of the triplet excitons. Here, in both cases and for both
polymers no significant alterations with the different excita-
tion modes were observed.

Similar to the homogeneous triplet generation model,
least-squares fits according to Eq. �5� are shown in Fig. 3 as
well. The improvement of the fit is clearly visible as now the
simulations perfectly match the experimentally observed
curves. Note, this has not been paid for by increasing the
number of free parameters. In fact, both models �Eqs. �2� and
�5�� rely on only two fitting parameters. In conclusion, Eq.
�5� is the more appropriate model to describe the triplet den-
sity following both optical and electrical excitation at low
temperature.

Now valuable information about working devices can be
gained as the fitting parameters contain several material con-
stants such as the charge-carrier recombination layer thick-
ness for electrical excitation. Thus, in the following we set
out to determine the recombination layer thicknesses 1/�el

and the triplet-triplet annihilation constant, �TT, for both
polymers by comparing optical and electrical parameters.
Both these quantities can be extracted from the parameter
a=��TT/	. At first glance, a only depends on material pa-
rameters that are independent of excitation dose and as such
should adopt only two values for each material, one for op-
tical and one for electrical excitation. Then a simple com-
parison of these values allows one to define �el relative to
�opt, the latter being independently measured using other
techniques. However, instead of using only two single
datasets, it is physically more solid to obtain the parameters
a from a whole series of datasets dependent on triplet gen-
eration dose. To do so, we varied the optical excitation power
and the driving voltage and fitted the measured data accord-
ing to Eq. �5�. Thus, we obtained the parameters a as a func-
tion of their corresponding �relative� triplet generation rates,
	I0. In Fig. 4, these data are plotted for the copolymer for
both excitation modes. Surprisingly, a is far from being a
simple constant, but instead depends on the �triplet� exciton
generation rate. Within this double logarithmic presentation,
the observed dependency is easily recognized as an algebraic
function with an identical exponent for both optical and elec-
trical excitation of 0.71. These at first glance puzzling obser-
vations are not inconsistent but in fact must be expected for
the case of nonclassical, dispersive triplet migration, as shall
be demonstrated in the following. To start with, we only
consider the optical dataset. Beyond doubt, both the �inverse�
penetration depth of the light, �opt, as well as the constant of
proportionality, 	, do not depend on the excitation density.
Therefore, we conclude that �TT is not an absolute constant
in the classical sense but instead the rate of bimolecular trip-
let annihilation accelerates with increasing excitation dose. It

has already been stated above that the triplet migration,
which is rate-limiting for bimolecular annihilation, at the
temperatures employed here is dispersive.8 This naturally
implies that �TT is not a constant but depends on time and
this in turn renders �TT dependent on the triplet density.21 To
illustrate this point, consider a dispersive triplet diffusion
that obeys an algebraic time dependence, D�t�=D0t−a, with a
slope of 
=−0.7, i.e., the triplet migrates slower at longer
times after its creation. The average distance traveled by the
triplet until annihilation is given by �s=�0

TD�t�dt, which
yields the triplet lifetime as T= ��1−
��s /D0�1/�1−
�. If now
the average traveled distance is halved by increasing the ex-
citation dose appropriately, then it only takes a tenth of the
previous time to overcome this separation rather than half the
time as expected from classical diffusion �
=0�. Thus, in
contrast to the classical treatment, in the dispersive diffusion
regime the lifetime of the annihilating excitons does not
scale linearly with the average distance between the triplets.
Such effects have clearly been observed on isolated polymer
chains �i.e., intrachain triplet-triplet annihilation� by means
of excitation dose-dependent pulse radiolysis.22 The reader is
referred to Scheidler et al. for a more detailed analysis of this
issue.21 In conclusion, �TT depends on the triplet exciton
density and might be described for the copolymer by
�TT�I0�=�TT

0 I0
0.71.

This dependency may be cross-checked using laser dose-
dependent measurements of the phosphorescence, i.e., the
emission rather than the transient absorption of triplet exci-
tons. In order to vary the triplet excitation dose, it is conve-
nient to change the length of an optical excitation pulse,
which, however, was chosen much shorter ��1 ms� as com-
pared to the triplet lifetime ��1 s� and thus can still be con-
sidered as pulsed excitation. Exciting in this way rather than
using short laser pulses of variable power has the advantage
of avoiding any singlet-singlet annihilation, which otherwise
might interfere with the triplet dose dependency.23 Then,

FIG. 4. Double logarithmic presentation of the copolymer pa-
rameter a=��TT/	 for optical and electrical excitation vs the cor-
responding triplet generation flux as derived from simulations of the
induced triplet absorption dependencies such as shown in Fig. 3.
The solid lines represent least-square fits to both excitation modes.
For guidance, the x axis roughly covers the range from 1.5 to
30 mW/cm2 for optical and 5 to 7.7 V for electrical excitation.
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considering the classical treatment, one expects an initially
linear rise of the phosphorescence intensity, which turns into
a square root dependency once bimolecular triplet annihila-
tion becomes the major decay path for the triplet excitons. In
Fig. 5, the phosphorescence after the excitation pulse �delay
100 ms� as well as the integrated fluorescence intensity dur-
ing the pulse are plotted in a double logarithmic fashion. As
expected, the fluorescence intensity increases strictly linearly
with the pulse length and so does the phosphorescence ini-
tially. For the chosen optical excitation flux �30 mW/cm2�,
the turnover into the annihilation limited regime occurs at
�20 �s excitation pulse length. Subsequently, the triplet
density increases clearly slower than the classically expected
exponent of 1 /2. Instead, one observes an algebraic increase
of the phosphorescence intensity, whose exponent fits quite
well with 1/2.71, which is the expected dependency for the
dispersive bimolecular triplet annihilation rate with an alge-
braic density dependence of slope 0.71. Thus, the emission
dose dependency is self-consistent with the above absorption
dose measurements.

Unfortunately, the time dependence and concomitantly
also the density dependence of the triplet diffusivity cannot
be cast into an explicit analytical expression, although
asymptotically a power law with a slope of −1.04 is obeyed
in the zero-temperature limit.24 However, more importantly
for the present experimental situation is the initial and inter-
mediate time domain �measured in terms of the attempt-to-
jump frequency� as here most of the �in fact few� migration
events occur. In this case, due to the lack of an analytical
solution, for practical purposes it is common to approximate
the time dependence of the diffusion with the help of alge-
braic decay laws.20,21,25–27 Although it remained questionable
to what extent such a procedure is legitimate,28 slopes be-
tween 0.6 and 0.8 have been reported in the literature, which
agrees well with the value of 0.7 found here.21

Having established the triplet density dependence of the
bimolecular annihilation rate, attention is now focused again
on the parameter a, this time with respect to the relative
order of �el and �opt; compare Fig. 4. Here, one first notes the

identical slope for both excitation modes, which is exclu-
sively caused by the triplet excitation dose dependence of
�TT. This implies that �el is a true constant that, for example,
does not depend on the driving voltage. From the excitation
density dependence of �TT, it furthermore follows that any
comparison of the optical relative to the electrical values of a
is only meaningful at identical triplet generation rates, re-
spectively identical �TT. This is why in Fig. 4 the electrical
and optical parameters, a, have been plotted versus their cor-
responding triplet generation rates, 	I0, rather than, for ex-
ample, the overall excitation dose. Apparently, even for iden-
tical triplet generation rates both datasets are still offset to
each other, which implies �el��opt. In fact, identical exciton
generation layer thicknesses for both excitation modes would
be a surprising coincidence and have already been excluded
from a qualitative analysis of Fig. 3. From Fig. 4, one gains
�el=5.6�opt for the copolymer. In repeating the above proce-
dures for the homopolymer, one obtains an algebraic triplet
density dependence of �TT with a slope of 0.51 and �el

=11.2�opt.
Up to this point, all of our results are purely relative, and

in order to gain absolute values, independently obtained in-
put parameters are required. For example, knowledge of the
absolute value of the intersystem crossing rate allows one to
determine the singlet-to-triplet branching ratio after electrical
excitation.1 For the present work, we independently measure
the value of �opt, which then yields �el. Next, using the op-
tical datasets we estimate the value of the constant of pro-
portionality, 	, which yields the triplet-triplet annihilation
rate, �TT.

A determination of �opt in terms of absorption measure-
ments as a function of concentration using dilute solutions is
not accurate enough for the present purpose. Compared to
the random, isotropic orientation of the polymer chains in
such solutions, the thin-film structure is anisotropic, as the
molecules arrange themselves preferably in the plane of the
substrate.14 Instead, the ordinary �perpendicular� absorption
component is needed, because in our experimental setup the
device is optically excited perpendicular to the sample sur-
face. Here, ellipsometry certainly is the most accurate tech-
nique to obtain this quantity. Shown in Fig. 6 are the
wavelength-dependent ordinary absorption coefficients that

FIG. 5. Double logarithmic dependencies of the fluorescence
intensity �during the pulse� and the phosphorescence intensity �100–
800 ms after the pulse� as a function of the optical excitation pulse
length at an excitation dose of 30 mW/cm2 for the copolymer. The
solid lines are guide lines with slopes as indicated.

FIG. 6. Wavelength-dependent light penetration depth �opt of
the copolymer as obtained from ellipsometry �scatter plus line� to-
gether with the thin-film absorption spectrum �solid line�.
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are obtained by ellipsometry as well as the independently
measured thin-film absorption spectra for the copolymer. Ap-
parently, the agreement between the curves is excellent both
in shape and energetic position. A similarly good match has
also been achieved for the homopolymer. In order to quantify
the quality of the fit in common ellipsometry terms, we give
the overall mean-square error �MSE�, which was calculated
from the Woollam software as 3.8 for the copolymer and 5.3
for the homopolymer. Furthermore, an analysis of the corre-
lation matrix confirmed the independence of the ordinary
relative to the extraordinary parameters. Thus, the absolute
values of the wavelength-dependent optical parameters are
reliable to a high degree. From Fig. 6, one infers �opt=1.15
107 m−1 for the copolymer at the laser excitation energy
�400 nm�. A very similar value was found for the homopoly-
mer, �opt=1.21107 m−1. Together with the relative depen-
dencies between optical and electrical absorptivities mea-
sured above, the thicknesses of the charge-carrier
recombination layers for electrical excitation are found to be
del=5.1 and 10.9 nm for the homo- and the copolymer, re-
spectively. Note, these quantities were defined as the sample
thickness where the intensity of charge-carrier recombination
has dropped to half its maximal value, i.e., del= ln 2/�el. The
uncertainty of these values will be the error of the relative
ratio between �opt and �el, which is about 5%, plus the error
on �opt. A reasonable estimate for the latter yields about 10%.
Therefore, the error margins on the charge-carrier recombi-
nation layers are of order 1 nm. The larger charge-carrier
recombination layer for the copolymer relative to the ho-
mopolymer is well understood on a qualitative level in terms
of dissimilar hole mobilities. In addition to an improved hole
injection from the ITO anode, the TAD moiety within the
copolymer backbone increases the mobility of the holes in
this material relative to that of the electrons.6,11 This implies
that, on average, electrons and holes meet each other further
away from the anode, which consistently is observed as a
wider recombination layer. In fact, this dissimilarity of the
hole mobility is the reason why this pair of otherwise very
similar polymers was chosen for the present study. Qualita-
tively, this result can already be inferred from Fig. 4 and as
such does not rely on the absolute ellipsometry data. Note,
although unlikely, it may be that for the copolymer the hole
mobility is so significantly improved that the electron is now
the charge carrier with the lower mobility. As a consequence,
the recombination zone would be shifted from the anode to
the cathode. With only two materials, the present technique
is not sensitive enough to distinguish both cases. Neverthe-
less, this ambiguity can be circumvented by studying a range
of smoothly varying materials, for example a series of co-
polymers with increasing TAD content.

Assuming an injection limited current for our device,
which is expected from the fabrication technique,29 then a
comparison between the sample thicknesses and the charge-
carrier recombination layer thicknesses suggests a ratio of
the electron-to-hole mobilities of �15 and �7 for the homo-
and the copolymer, respectively. Unfortunately, for conju-
gated homopolymers so far only hole mobilities have been
explicitly measured using the time-of-flight method, thus
there is no independent measure for this ratio. However, ra-
tios of about 10 are consistent with general expectations for
conjugated homopolymers.4

Next, we work out the constant of proportionality of Eq.
�5� 	, by estimating the absolute value of I0 for the copoly-
mer dataset with the highest optical excitation dose. Unlike
the measured �opt, now the absolute values of several param-
eters are required, therefore this approach can only be con-
sidered as an estimate of the order of magnitude rather than a
true measurement. Nevertheless, the maximal overall optical
laser dose was measured as 48 mW/cm2. However, due to
reflections on the cryostat windows and on the device, only
65% of this flux is absorbed by the active polymer layer. At
400 nm, such an optical flux excites 6.31020 s−1 m−2 sin-
glet excitons. For the copolymer in solid state, the fluores-
cence quantum yield drops to 0.33 at room temperature com-
pared to 0.94 in solution.18 Assuming that at low temperature
this efficiency reaches 0.50 and an inter-system-crossing rate
of 0.05,1 then under the present experimental conditions one
estimates 0.025 for the triplet generation yield under present
experimental conditions. Employing this value, one arrives at
a triplet generation rate flux of 1.61019 s−1 m−2. Combin-
ing this rate with the corresponding measured 	I0, 10.3 V s−1

�uppermost data point of the optical dataset of Fig. 4�, a
value for the constant of proportionality of 	=6.6
10−19 V m2 is obtained.

Using aopt�I0�=�opt�TT�I0� /	 with �opt as obtained from
ellipsometry and aopt�I0� derived from Fig. 4, one arrives at
an estimate for the triplet-triplet-annihilation rate for the co-
polymer of �TT�I0�=1.110−32I0

0.71 m3 s−1. Similarly, for the
homopolymer �TT�I0�=2.810−30I0

0.51 m3 s−1 is obtained.
Note, in these relations I0 denotes the triplet generation flux
rather than the excitation dose. Thus, for each continuous
excitation dose one has an effective �average of the disper-
sive annihilation rates� annihilation rate. This effective rate
may now be compared with annihilation rates that have been
derived from quasi-cw photoinduced absorption studies. Be-
fore doing so, it might be helpful to calculate some absolute
values. For example, if the homopolymer absorbs an excita-
tion flux between 1.5 and 30 mW/cm2, which correspond to
the minimum and maximal absorbed laser power employed
here, then the annihilation rate ranges from �TT=410−15 to
210−14 cm3 s−1. For the same excitation dose, the copoly-
mer values are about one order of magnitude higher and vary
from �TT=610−14 to �TT=510−13 cm3 s−1. Recently,
Ford et al. investigated blends of two polyfluorene deriva-
tives by means of quasi-cw photoinduced triplet
absorption.30 These experiments were performed at 10 K,
i.e., in the dispersive triplet annihilation regime; thus, one
expects an intensity-dependent annihilation rate. However,
the authors only considered nondispersive annihilation and
thereby obtain annihilation rates of order 10−15 cm3/s.

Another polyfluorene-type copolymer has been investi-
gated by Westerling et al. by means of low-temperature time-
resolved photoinduced absorption.31 These authors analyzed
some of their work using dispersive annihilation kinetics and
in doing so arrived at dispersion parameters between −0.49
and −0.8, which compares well with −0.51 and −0.71 de-
rived here for the homo- and the copolymer, respectively.
Also, a value for the time-averaged annihilation constant is
given, 210−15 cm3/s. However, this value contains some
uncertainty, as it depends on the �unknown� absolute value of
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the transient triplet absorption cross section. Nevertheless,
any comparison of this rate with our results is only meaning-
ful at the same excitation dose. Here, Westerling et al. quote
a pulse power of 250 �J /cm2. If we assume that this dose is
focused on 0.25 cm2, this yields an excitation dose of
�1 mW/cm2. For such a dose, we obtain effective annihila-
tion rates of 310−15 and 410−14 cm3/s for the homo- and
the copolymer, respectively. This almost perfect agreement
with Westerling’s results may be pure coincidence given that
different materials were investigated �also our homo- and
copolymer values differ by a factor of 10� together with the
uncertainties in the triplet generation dose used by Wester-
ling et al. Furthermore, similar values are expected only if
their material exhibits the same inter-system crossing yield
compared to our polymers, such that for identical excitation
dose also the triplet generation rate is identical.

In passing, we note that the values for �TT derived in the
present work only apply as long as the triplet diffusion is
dispersive for most of the triplet lifetime. It has been shown
that increasing temperature induces a turnover from disper-
sive to nondispersive, i.e., classical, triplet diffusion.8,21

Here, the critical temperature for polyspirobifluorene deriva-
tives is about 60 K, which has been inferred from
temperature-dependent phosphorescence measurements.19

For nondispersive triplet diffusion, which, for example, ap-
plies at room temperature, the triplet annihilation rate is
significantly higher as compared to the low-temperature val-
ues obtained here. In fact, this impedes almost any triplet
observation, either by transient absorption or by phosphores-
cence detection, in thin films made of pristine conjugated
polymers, and this is why throughout the present study low
temperature is applied. Nevertheless, the room-temperature
triplet annihilation rate will certainly be a true constant rather
than a function of the triplet generation dose.

CONCLUSIONS

The present work demonstrates a method to extract valu-
able information about working electroluminescent devices

from an analysis of the low-temperature, time- and,
excitation-dose-dependent triplet accumulation following
continuous optical and electrical excitation.

As a consequence of the asymmetrical electron and hole
mobilities in all common conjugated homopolymers, the
charge-carrier recombination takes place in a thin layer close
to one of the electrodes. Here, the first real measurement of
the thickness of this layer yielded a value of 5 nm for
polyspirobifluorene. Also improving the hole mobility to-
ward that of the electrons by means of a built-in hole trans-
port moiety within the polymer backbone is consistently ob-
served as an increase in the recombination layer thickness,
which means that both kinds of charge carriers meet each
other further away from the anode.

Even at low temperature, triplet accumulation within the
device is soon limited by bimolecular triplet annihilation,
which in polyspirobifluorene becomes the major decay
mechanism for the triplet excitons already with optical exci-
tation doses exceeding about 30 �J /cm2. Consistent with the
dispersive triplet diffusion at low temperature, an algebraic
dependency of �TT on the triplet generation rate has been
observed. Under typical experimental conditions, the low-
temperature triplet-triplet annihilation rate is of the order
10−14 cm3 s−1.
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