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The dynamics of photoexcitations in thin films based on the polymer poly(9,9-dioctylfluorene) is investigated by
a combination of stationary spectroscopy, femtosecond absorption and time-resolved fluorescence measurements.
Excitation energy transfer to keto defects within the polyfluorene host matrix and to guest molecules in a dye
doped host/guest system is observed and modeled by rate equations. Characteristic parameters for the exciton
dynamics are extracted. At high excitation densities, amplified spontaneous emission from the edge of the films
arises accompanied by strongly nonexponential signal decay in transient absorption. The underlying coupled
excited-state and photon dynamics in the films are included in the model, which describes the measured data

consistently for various excitation densities.
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I. INTRODUCTION

Polyfluorenes are a special class of conjugated polymers
that have been subject to extensive scientific research for
more than a decade;'~ their optical properties with emission
wavelengths in the blue spectral region and high quantum
yields make them interesting candidates for application in
organic light emitting diodes (OLEDs) and solid state lasers.*~’
Polyfluorenes can act as emitters themselves or serve as
absorbing host materials for guest dyes that get excited
via energy transfer and emit at longer wavelengths, thus
enabling color tuning.®° Poly(9,9-dioctylfluorene) (PFO) is a
prototypical example. Aside from its potential for OLEDs,>
light amplification has been observed in PFO waveguides
as amplified spontaneous emission (ASE).!®!! Thereby the
emission wavelength has been shown to vary depending
on the exact film morphology. Two different morphological
phases were found to be important in PFO thin films:>!?
a glassy phase and the B phase, which is characterized
by a higher order of the polymer backbone accompanied
by an increased m-conjugation length. Usually, both phases
coexist in thin films, and the B phase acts as energy sink
where excitations are trapped, thus causing a red shift of the
emission wavelength.'®!3 It was shown that the formation
of the B phase is efficiently suppressed by incorporating
statistically intrachain 6,6'-(2,2’-octyloxy-1,1’-binaphtalene)
binaphtyl spacer groups (BN) in the PFO matrix [BN-PFO,
see Fig. 1(a)], while the optical properties of glassy PFO are
preserved.'* BN-PFO was employed in optically pumped thin
film distributed feedback laser structures.'>'® When acting
as gain medium itself, the laser emission wavelength can be
tuned between 435 and 465 nm. When employed as absorbing
host material doped with the stilbene guest dye 1,4-bis(2-(4-
(N,N-di(p-tolyl)amino)phenyl)vinylbenzene) [DPAVB, see
Fig. 1(b)], the lasing wavelength is redshifted and tunable
between 496 and 516 nm."> Furthermore, in the latter case,
a lowering of the lasing threshold is achieved. However, for
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pump pulses with duration of more than a few nanoseconds,
a decrease of laser emission is observed in the host/guest
system, whereas pure BN-PFO shows stable emission. This
can be explained by accumulation of triplet excitons during
excitation, whose excited-state absorption overlaps with the
emission wavelength of DPAVB and thus reduces the effective
stimulated emission cross section.!®

While these observations are made on a us-timescale, a
study of the photoexcitation dynamics of this system on the
picosecond timescale, where energy transfer from the host to
the guest can be assumed to take place, has not been carried out.
In the present study, we use femtosecond transient absorption
spectroscopy and time-resolved fluorescence measurements
to investigate the photoinduced excitation dynamics in thin
films made from BN-PFO containing 12% BN and of a
host/guest system consisting of BN-PFO doped with 5 wt%
DPAVB (BN-PFO/DPAVB). The energy transfer dynamics in
the host/guest system BN-PFO/DPAVB, where Forster transfer
to the guest dye DPAVB is intended to be the dominant
process, is compared to the energy transfer to low-energy
sites within the BN-PFO matrix, especially long-lived defect
sites. It is known, that PFO, like other polyfluorenes, tends to
build up keto defects in form of fluorenone units that act as
efficient energy traps and lead to a broad green emission band
peaking between 500 and 600 nm and an overall quenching
of the quantum efficiency.'”'® Hence a comparison of the
underlying energy transfer dynamics to those defect sites
with energy transfer to dopants is made. Furthermore, with
regard to the potential for solid state lasing it is desirable
to gain insight into the ASE characteristics. For this reason,
the behavior of photoexcitations at high excitation densities,
sufficient to cause ASE, is studied. Other PFO systems have
been investigated by ultrafast spectroscopic techniques'®—>!
and the results are compared to our findings. However, for
BN-PFO, where the BN spacers serve to efficiently suppress
the B phase, comparable studies are not available to the best
of our knowledge.
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FIG. 1. (a) Structure of BN-PFO: poly(9,9-dioctylfluorene)
(PFO) containing n/(m + n)% 6,6'-(2,2'-octyloxy-1,1’-binaphtalene)
(BN). (b) Structure of 1,4-bis(2-(4-(N,N-di(p-tolyl)amino)phenyl)-
vinylbenzene) (DPAVB).

II. EXPERIMENTAL

Thin films with a thickness of 175 nm of PFO containing
12% BN (BN-PFO) and of the same system doped with
5 wt% DPAVB (BN-PFO/DPAVB) were spin casted from
toluene solution onto fused silica substrates of 1-mm thickness.
The samples were kept under nitrogen atmosphere during
storage. In the same way a thin film with a thickness of
140 nm of BN-PFO was prepared, containing a significant
amount of keto defects as a result of a long storage time
and repeated exposure to ambient atmosphere prior to the
experiments (BN-PFO/defects). Furthermore, a thin film of
pure DPAVB was thermally evaporated onto a fused silica
substrate of 1-mm thickness under ultrahigh vacuum with a
resulting film thickness of about 150 nm. Stationary absorption
and fluorescence measurements of this film were made for
comparison with signatures of DPAVB in the BN-PFO/DPAVB
sample.

Stationary absorption and fluorescence spectra are mea-
sured with an UV-VIS spectrometer (Specord 50, Analytik
Jena) and a spectrofluorometer (FluoroMax-4, Horiba Scien-
tific), respectively. As excitation wavelength for the fluores-
cence measurements 388 nm is chosen in correspondence with
the excitation wavelength of the time-resolved experiments.

Time-resolved fluorescence measurements are carried out
after pulsed excitation at 388 nm with a streak camera system
(Streakscope C10627, Hamamatsu) combined with a spec-
trograph (Acton Sp2150, Princeton Instruments), employing
a grating with a groove density of 50 g/mm. The resulting
time resolution is estimated from the full width at half
maximum of the excitation pulse stray light signal to 110 ps
for measurements up to a delay time of 10 ns. The excitation
pulses are generated by frequency doubling the output of a
1 kHz regenerative Ti:sapphire amplifier system (CPA 2001;
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Clark MXR). The pulses have a duration of approximately
200 fs and are directed onto the sample under grazing incidence
resulting in a spot size of approximately 0.2 cm”. From there,
the fluorescence is collected with two lenses with focal lengths
of 50 mm collimating and focusing the emitted light onto the
entrance slit of the spectrograph. The energy of the excitation
pulses is attenuated to less than 10 nJ to keep the excitation
density low.

The transient absorption measurements are performed
with a setup similar to the one described in Ref. 22. The
excitation pulses are generated in the same way as for the
time resolved fluorescence measurements and focused to a
spot size of several hundred micrometers in diameter which
is considerably smaller than in the time-resolved fluorescence
measurements. The spot size is determined by a beam camera
(LaserCam-HR, Coherent). The transient absorption is probed
by a white light continuum generated in an eccentrically
moving 4-mm thick calcium fluoride substrate. After passing
through the sample, where the probe beam is focused into
the excited area, it is recollimated and dispersed with a
prism. The transmitted probe energy is spectrally resolved
measured with a multichannel detector based on a photo-diode
array with 512 pixels. The polarizations of the pump and
probe pulses are adjusted to 54.7° (“magic angle”) with an
achromatic A /2-wave plate in the pump arm. In order to prevent
degradation, the samples are kept under nitrogen atmosphere
during the measurements and rotated to reduce the irradiation
time of a single spot.

For data analysis of measurements with different excitation
fluences, the density of excitons generated by the pump pulse
has to be known. An average value for the exciton density in
the probe volume is calculated according to the formula:

(1) = B[] _ 10-0D0are) M
r probed

d is the thickness of the sample and OD(A,ump) the optical
density of the sample at the center wavelength Ayump = 388 nm
of the pump pulse. The intensity profiles of the laser beams are
assumed to be Gaussian. The probe radius rpoh. determines
the area relevant for detection and is defined as the radius
where the intensity of the probe beam is 1/¢ of the maximum
intensity. The number of pump photons Npym, within this
area is

22
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Epump 1s the energy of the pump pulse and was in the
range between 8 and 72 nJ during the transient absorption
measurements. rpump 18 the radius of the pump beam at the
sample according to the 1/¢? criterion.

To detect amplified spontaneous emission (ASE) pulsed
excitation at 388 nm with high excitation fluences of more
than 100 pJ/cm? is applied. The emission from the edge of
the samples is collected with two lenses, collimating the light
and focusing it onto the fiber tip of a fiber coupled spectrometer
(USB4000, Ocean Optics).
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III. RESULTS AND DISCUSSION

A. Energy transfer

The steady-state absorption and fluorescence characteris-
tics of the samples are shown in Fig. 2. The absorption of
BN-PFO is identical to absorption measurements of glassy
PFO,*-% showing that the 8 phase is efficiently suppressed,
while no additional absorption features due to BN are observed
in the depicted spectral region. The fluorescence exhibits a
dominating peak at 441 nm corresponding to the vibronic 0-1
transition. Moreover, two distinct shoulders can be observed,
one on the blue side at 425 nm corresponding to the 0-0
transition and one on the red side due to the 0-2 transition,
extending to 470 nm. The positions coincide with formerly
published measurements.>> The absorption and the fluores-
cence spectrum of BN-PFO/defects show essentially the same
characteristics except of an additional broad emission band that
appears in the fluorescence spectrum, centered in the green and
extending from below 500-nm well into the red region above
600 nm. This band can be ascribed to emission from keto
defects, i.e., fluorenone units in the polymer backbone that
act as energy traps for photoexcitations.!”!8 The absorption
spectrum of the BN-PFO/DPAVB sample is dominated by
the absorption of the BN-PFO host matrix but shows an
additional feature around 450 nm. This can be ascribed to
the guest dye DPAVB and hints at a large overlap with
the PFO emission thus potentially enabling efficient energy
transfer.”® This is confirmed by the fluorescence spectrum of
BN-PFO/DPAVB whose double peak structure resembles the
emission structure from pure DPAVB (not shown), though it is
slightly blue shifted, probably due to a different environment
of the guest molecules in the BN-PFO host matrix. Thus it
can be concluded that efficient energy transfer from the host
to the guest occurs. Direct excitation of the guest should be
negligible compared to the dominant absorption of the host
at the excitation wavelength (388 nm) and the low doping
concentration.

In Fig. 3, streak camera measurements of the fluores-
cence of BN-PFO, BN-PFO/defects and BN-PFO/DPAVB
are compared. The fluorescence of the pure BN-PFO sample
is centered around 450 nm with a spectral distribution as
expected from the steady-state measurements (see Fig. 2).
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FIG. 2. (Color online) Absorption (dashed) and fluorescence
(solid) spectra of the investigated thin film samples. All spectra are
normalized to one at their maximum.
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FIG. 3. (Color online) Time-resolved streak camera measure-
ments of the fluorescence up to 6.5 ns after pulsed excitation at
388 nm. Upper panel: Time evolution of the integrated signal strength
within the marked wavelength areas. The time traces are normalized
to one at their maximum for better comparability. A logarithmic scale
is chosen to illustrate the non / single exponential character of the
decay dynamics.

It exhibits a monoexponential decay dynamics with a time
constant of 465 ps in agreement with previously reported
purely radiative decay times of PFO.*?*?" This implies that
no significant quenching of the fluorescence takes place. The
BN-PFO/defects sample shows in contrast a more complex
fluorescence decay dynamics. Here the signal is dominated
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by the PFO emission only at short times, nearly within the
time resolution of the measurement, and does not exhibit a
monoexponential behavior (trace A in Fig. 3). The center of
the signal strength is subsequently shifted to longer wave-
lengths reflecting energy transfer to energetically lower lying
molecular sites, i.e., defect sites. As aresult, a broad redshifted
fluorescence appears, with a decay time in the nanosecond
regime (~3.5 ns; trace B in Fig. 3), that is typical for excited
keto defects.®?%% This gives rise to the above mentioned green
band in the stationary fluorescence spectrum (see Fig. 2). The
streak camera measurement of the BN-PFO/DPAVB sample is
clearly dominated by emission from the guest dye DPAVB as
can be seen from comparison with the stationary measurements
(see Fig. 2). The signal decays monoexponentially with a time
constant of 947 ps that coincides well with the previously
reported decay time of 900 + 70 ps of DPAVB in a CBP
(4,4'-di(N-carbozolyl)biphenyl) matrix.** The energy transfer
process from host to guest seems to be much faster than the
time resolution of the streak camera measurement, since signa-
tures of PFO emission are completely absent. Hence a higher
time resolution is needed to observe the transfer dynamics.
This can be achieved by transient absorption measurements.
The upper panel of Fig. 4 depicts transient absorption
spectra of the BN-PFO sample at several delay times after
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FIG. 4. (Color online) Upper panel: transient spectra of BN-PFO
at different delay times after photoexcitation at 388 nm. A reciprocal
wavelength scale is used to be linear in transition energy. Lower panel:
associated amplitude spectra from the fit of the differential equations
(3) and (4) (see text for further information). Inset: transient time
traces (black) and fit curves (red) at 445 and 650 nm. The dashed line
depicts a theoretical curve with an exponential decay time of 465 ps
corresponding to the decay time of the streak camera measurement
for comparison.
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photoexcitation at 388 nm. The inset of the lower panel shows
the time evolution of the transient signal at 445 nm and 650 nm.
The transient spectra of BN-PFO are in agreement with
formerly published measurements of PFO.'"! The region
below 500 nm is dominated by stimulated emission (SE) from
primarily generated singlet excitons with contributions from
ground-state bleaching (GSB) close to 400 nm. Above 500 nm
the spectra show excited-state absorption (ESA) that can also
be attributed to singlet excitons since it has basically the same
decay dynamics as the SE. The vibronic progression of the
SE with the 0-0, 0-1, and 0-2 transitions around 420, 445,
and 470 nm, respectively, is nicely resolved. At later delay
times, a red shift of the spectral features compared to early
times can be observed, e.g., the peak of the 0-1 transition
shifts from 439 nm at 0.3 ps to 447 nm at 3 ps. This evolution
can be explained with dispersive energy transport within the
inhomogeneous density of states formed by the molecular
sites of the polymeric film.’! Due to the energetic disorder
the photogenerated excitons have localized character and their
migration can be modeled as an incoherent hopping process.
Thereby an exciton preferentially migrates to a neighboring
site with lower excitation energy, whereas thermal activation
is needed to reach a site with higher excitation energy. Hence
excitons generated on high-energy sites perform a “downhill
migration” to lower energy sites.> This leads to an initially
fast spectral shift that slows down until thermal equilibrium
is reached. In contrast to the streak camera measurements
the overall decay of the signal is significantly faster than
the pure radiative decay of PFO and not monoexponential
(see Fig. 4, inset). This acceleration can be explained by
exciton-exciton annihilation that begins to appear at exciton
densities of the order of 10'8 cm~2 present here.?!?> The com-
plete dynamics can be modeled by the following differential
equations:

dN

dtl = — (ksnite + kraa) Nt — y(ON1 (N1 + N2) . (3)
dN,

77 = KaninNt = keaaNo =y (ON2 (N1 + Vo). (3)

The spectral shift that can be seen in Fig. 4 is accounted for
by introducing two species of singlet excitons with densities
N; and N, that serve to parametrize the inhomogeneous
distribution of excited states with N, being lower in energy
than N;. They are coupled by the rate kgpis. kraq 1S the radiative
decay rate and is adopted from the streak camera measurement
with (465 ps)~!. y(¢) is the time-dependent rate for diffusion
controlled annihilation given by?>-3334

1 R,

y(t) 28D7rRa <1 + m) (®)]
with the diffusion constant of the singlet excitons D. R,
denotes the critical distance between two excitons at which
annihilation takes place and is set to 1 nm as an estimate for
the average distance between molecular sites. The prefactor
% accounts for the assumption that only one exciton is
destroyed in the course of an annihilation event.*? It should be
mentioned that more complex theoretical approaches exist to
describe the excitation dynamics in conjugated polymer films,
e.g., Monte-Carlo simulations based on a master equation
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TABLE L. Summary of results from fitting our models [see Egs. (3), (4), (6)—(8), and (10)—(12)] to the experimental data shown in Figs. 4-6.

See text for further information.

(Krag) ™! (Regnige) ™" D (kger)™"

Odef (kaye)™ Rp (S

465 ps 2.25 ps 1.34 nm?ps™! 2980 ps

0.13 x 1072 am™?

947 ps 4.30 nm 125 ps

approach and on quantum chemical calculations have been
carried out.’’3-¢ However, to exploit the higher accuracy
of those methods, a detailed knowledge of the structure of
the investigated system is needed. The simpler rate equation
approach applied here yet comprises the basic processes of the
excitation dynamics and can be used to extract characteristic
parameters. Equations (3) and (4) can be numerically fitted
to the measured data yielding kgyire = (2.25 ps)’1 and D =
1.34 nm?ps~! (see also Table I). Similar values for D have
been reported before for PFO films?!? thus indicating that the
model is reliable while the BN-spacer groups do not affect the
exciton dynamics significantly. Figure 4 (lower graph) also
shows the associated amplitude spectra of the fit as well as
the fit results at selected wavelengths (inset). The shape of the
amplitude spectra corresponds to the shape of the transient
absorption of the associated species. As expected the spectra
of N; and N, exhibit essentially the same shape despite of a
relative spectral shift.

The transient spectra of BN-PFO/defects (see Fig. 5.
upper panel) strongly resemble the transient spectra of pure
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FIG. 5. (Color online) Upper panel: transient spectra of BN-
PFO/defects at different delay times after photoexcitation at 388 nm.
A reciprocal wavelength scale is used to be linear in transition energy.
Lower panel: associated amplitude spectra from the fit of differential
equations (6)—(8) (see text for further information). Inset: transient
time traces (black) and fit curves (red) at 445 and 650 nm.

BN-PFO. The main difference is a further accelerated decay
that might be seen best by comparing the transient spectra
of BN-PFO and BN-PFO/defects at 30 ps after excitation.
At longer delay times an additional ESA signature becomes
evident with a weak maximum between 550 and 600 nm.
In former publications, ESA signatures in this wavelength
region have been assigned to a charged species, potentially
polarons or polaron pairs.'*~?! Since the formation of polarons
in polyfluorenes and phenylene-based polymers can result
from charge transfer to defect sites,"»'7"!? this assignment is
consistent with the observations in the steady state and the
time-resolved fluorescence measurements of BN-PFO/defects.
To model the exciton dynamics in BN-PFO/defects, the
differential equations (3)—(4) are extended to include the defect
states in the following way:

dN,;
- —(kshite + kraa)N1 — y (@)N1(N1 + N»)
= V' (ON1(Paer — Naer): (6)
dN,
- ksnitt N1 — kraga N2 — y (1) N2(N1 + N)
= ¥ (ON2(paet — Naer), @)
dNei
d:et =y’ (t) (N1 + N2) (Pdef — Naer) — kaet Naer-  (8)

The rate y’(t) reads

Rq
y'(t) =4Dn R, (1 + ) C))

Drt

and accounts for the diffusion of mobile excitons with densities
N; and N, to defect sites with density pger that act as immobile
traps. Thus a density of excited defect states Nger is created
that decays with kq4.¢. The difference between y (¢) [see Eq. (5),
exciton-exciton annihilation] and y'(¢) [see Eq. (9), exciton
trapping] is that in the former case the diffusion coefficient
D is multiplied with 2 to account for the relative motion
of excitons involved in an annihilation event. In the latter
case, two different species, mobile excitons and immobile
defect sites, are involved, both of which are destroyed in
favor of a new species Ng.¢r. Hence no prefactor % appears in
formula (9). Numerically, fitting Eqs. (6)—(8) to the measured
data of BN-PFO/defects results in pges = 0.13 x 1072 nm—3
and kgr = (2980 ps)~! (see also Table I), which is in
reasonable agreement with the results from the streak camera
measurements. The numbers for kg, kraq, and D are adopted
from the numerical fit of the BN-PFO data. Based on the
streak camera measurements, it is thereby assumed, that the
spectral changes due to exciton diffusion to defect states can be
temporarily separated from the initial spectral shift, since they
are significantly slower. The amplitude spectra for Ny and N,
(see Fig. 5, lower panel) largely resemble the amplitude spectra
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FIG. 6. (Color online) Upper panel: transient spectra of BN-
PFO/DPAVB at different delay times after photoexcitation at 388
nm. A reciprocal wavelength scale is used to be linear in transition
energy. Lower panel: associated amplitude spectra from the fit of
differential equations (10)—(12) (see text for further information).
Inset: transient time traces (black) and fit curves (red) at 445, 505, and
650 nm.

from Fig. 4 (BN-PFO), as expected, while the amplitude
spectrum for Ny reflects the broad ESA of the transient
spectrum at longer delay times.

The transient spectra of the host/guest system BN-
PFO/DPAVB exhibit a distinctly different behavior (see Fig. 6,
upper panel) from those of BN-PFO and BN-PFO/defects.
Here, a very fast decay of the characteristic shape of the
BN-PFO transient spectrum can be observed. More precisely
the BN-PFO SE peak at around 440 nm is significantly steeper
on the long wavelength side almost instantly after excitation.
It disappears completely within the first few picoseconds
mainly in favor of a new SE band around 500 nm, the
typical emission region of DPAVB. The remaining negative
signal around and below 450 nm can be explained as GSB
from excited DPAVB molecules since it corresponds to the
absorption signature of DPAVB identified in the steady state
measurements (see Fig. 2). The SE signal around 500 nm is
considerably smaller than that of PFO around 450 nm at earlier
delay times and vanishes almost within 300 ps. This seems
to contradict the time-resolved fluorescence measurements,
which show a complete energy transfer to the guest dye and
a resulting fluorescence lifetime of more than 900 ps (see
Fig. 3). One reason for this might be a smaller transition
dipole compared to the PFO that would cause a decrease of the
signal and make the detection more difficult. Comparison of
the radiative decay rates of PFO and DPAVB speaks in favor of
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this argument. For DPAVB the radiative decay rate was found
tobe 7.1 x 10% s~ in a CBP (4,4'-di(N-carbazolyl)biphenyl)
host matrix® and thus about three times smaller than for PFO
(~2.2 x 10° s71 £ 450 ps).>2*27 Another reason is certainly
that ESA is superimposed in the transient measurements. For
modeling the dynamics of the energy transfer it is assumed
that the underlying process is Forster transfer. The spectral
overlap of PFO fluorescence and DPAVB absorption suggests
this. Because the energy transfer takes place very fast [with
rate kp(t), see below] and dominates the dynamics during
the short delay times, the spectral shift observed in the
measurements of the BN-PFO and BN-PFO/defects samples
can be neglected. Therefore the initially photogenerated singlet
excitons of the host prior to the transfer to the dye are modeled
as one species Ny in this case. However, it turns out that a
two-species-model based on this assumption is not sufficient
to describe the dynamics, especially at longer delay times
where it should be determined by the guest dye DPAVB.
Hence, in this case, a parametrization of the distribution of
excited states of the excited dye molecules is applied. They
are subdivided into two species Ngye; and Ngyeo, TEpresenting
slightly different transition energies with Ngyeo being lower in
energy than Ngy.;. Because of a spectral overlap of DPAVB
fluorescence and absorption (see Fig. 2) Forster energy transfer
can occur between these species and may lead to a spectral
shift that alters the transient dynamics of the BN-PFO/DPAVB
sample as a whole. Inspection of the transient spectra actually
shows a spectral shift of the SE signatures around 500 nm
providing evidence for this notion. This leads to the differential
equations:

d N,
d}ll‘og[ = —krathost - V(I)Nk%osl - kF(t)NhOSt’ (10)
deyel
dt = kp(t)Nnost — kaye Nayer — krshine(1)Nayer,  (11)
deye2

dt = szhift(t)Ndyel - kdyeNdyf:Z- (12)

The rates kg = (465 ps)~' and kgye = (947 ps)~! are
adopted from the time-resolved fluorescence measurements
and y (¢) from the numerical fit of the transient measurements
on BN-PFO. The energy transfer rate k7 (¢) is meant to describe
Forster transfer over a distribution of distances between donors
and acceptors. It should be mentioned, that Forster theory of
energy transfer is predicted to be inaccurate for donor-acceptor
distances in the range of the chromophore size or shorter,
due to the breakdown of the point dipole approximation
used therein.’’ In particular, quantum-chemical calculations
have shown that the energy transfer rate is overestimated
for a cofacial arrangement of donor and acceptor, while it is
underestimated in the case of a head-to-tail arrangement.$-3
Thus in disordered systems like conjugated polymer films,
cancellation of the errors might occur® and the application
of more accurate theories is difficult due to the appearance
of many different geometries and the limited knowledge about
the specific structures. Assuming Forster energy transfer, k(f)
reads®340

3
7'[3 §K2krad

2 3
ke() = 3R} l

Ldye- (13)
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Here, pqgye is the density of DPAVB molecules in the sample
Ry is the Forster radius for the transfer processes and
is a factor accounting for the average relative orientation
of the transition dipoles of host and dye molecules. For an
amorphous film, «2 is 0.476.*' Equation (13) was derived by
Forster for the case of a single donor molecule surrounded by
a statistic distribution of acceptor molecules in a medium.*’
An analogous situation in a polymeric host/guest system would
exist, if energy transfer is only possible from host to guest, i.e.,
exciton diffusion in the host matrix is negligible. Occurrence
of exciton diffusion, corresponding to energy transfer from
donor to donor, has been shown to accelerate the overall energy
transfer to accept01rs.42’43 Thus determining Ry on the basis
of Eq. (13) is expected to overestimate the Forster radius.**
Nevertheless, Ry may serve as a benchmark for comparison
with other systems, since similar models have frequently been
used.?>*3* With an assumed mass density of 1 g/cm? for
the sample and the doping concentration of 5%wt. one can
estimate paye t0 4.5 x 1072 nm™, corresponding to a typical
distance of 2.8 nm between dye molecules. Based on this, the
Forster radius resulting from a numerical fit of Egs. (10)—(12)
to the measured data is Ry = 4.30 nm. Interestingly, a Forster
radius of 4.2 nm has been derived (employing a similar
model) for energy transfer from PFO to tetraphenylporphyrin,
which is a red light emitter.”> Hence it might be concluded
that by doping PFO films color tuning to different emission
wavelengths can be realized with the same efficiency.

For the rate kg, (¢) a similar 1~/ time dependence as
for kp(t) can be expected since it is also based on Forster
transfer. However, it is not reasonable to extract a Forster radius
because it takes place within the inhomogeneously broadened
distribution of DPAVB states. By writing k ppire(?) as

ko
krsnin(t) = 1/ FT“ (14)

the parameter K}, = (125 ps)~! can be determined as a
characteristic rate for the resulting spectral shift (see also
Table I). The associated amplitude spectra of the species
largely resemble the shape of the transient spectra at different
delay times, which is reasonable for the assumption of efficient
Forster transfer between the species.

B. Amplified spontaneous emission (ASE)

At higher excitation densities, a strongly nonexponential
behavior with an almost steplike signal decrease at around
0.6 ps delay time is observed in the BN-PFO (see Fig. 7,
upper panel) as well as in the BN-PFO/defects sample (not
shown) while it is absent in BN-PFO/DPAVB. To analyze
this behavior, a series of transient absorption measurements
with different excitation fluences, resulting in different initial
exciton densities, was carried out on BN-PFO. It is found
that the dynamics can be explained by ASE. Because the
thin films have a higher refractive index than the substrates
on one side and the atmosphere on the other, they can
act as waveguide for spontaneously emitted photons from
photoexcited molecules. As those photons propagate through
the film, they can stimulate the emission of other excited
chromophores. In this way, an avalanche of photons is created
in the direction of propagation until the excited states are
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FIG. 7. (Color online) Transient absorption kinetics of BN-PFO
(upper panel) and BN-PFO/DPAVB (lower panel) at 445 nm after
photoexcitation at 388 nm with different excitation fluences (given
are the resulting average initial exciton densities in units of 1072
nm~>). Inset: Fluorescence spectra after cw excitation (black) and
ASE measurement after pulsed excitation (red) at 388 nm with high
excitation fluence (see Sec. II for further information).

depopulated below a certain threshold.***® This results in a
burst of stimulated emission from the edge of the samples,
which is accompanied by a fast depopulation of electronically
excited states and a sharp signal decrease. The ASE burst
is spectrally narrow and centered at the wavelength where
the gain is highest. As can be seen in Fig. 7 (upper panel,
inset), the BN-PFO sample shows spectral narrowing at around
445 nm, a typical ASE wavelength for glassy PFO.!%!148
The BN-PFO/DPAVB sample in contrast shows such a ASE
burst at 500 nm (Fig. 7, lower panel, inset), where lasing
from BN-PFO/DPAVB waveguide structures has also been
observed.!>!164 This speaks in favor of the efficiency of energy
transfer from PFO to DPAVB in the host/guest sample.

The dynamics due to the ASE in BN-PFO can be described
by a system of coupled differential equations (on the basis of
Ref. 46) that extends Eqs. (3)—(4) by including the interaction
of molecular states with the photon density M:

dN,
o = (kshife + krad) N1 — Y ()N1 (N1 + N»)
C N1 %
—o (N - — G\ m, (15)
n Ny + N,
dN,
o = kit N1 — kragN2 — Y (1)No(N{ + Na)

C Nz «
— o (N - —2 _G* )M, (16)
n Ni+ N>
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aM c %
W = fkuaa(N1 + No) + ;O‘(Nl + N, — G )M — aM,
(17)
dG* ¢ . N
= —O’(N[ + N2 -G )M - krelaxG . (18)
dt n

The dynamics of M is initialized by a fraction f of
spontaneously emitted photons that is waveguided within the
thin film sample. f is estimated to 0.58 from

1
f= —/ sinfdo, (19)
2 OrRr

where Org is the angle that spans the sector in which
the condition for total reflection for spontaneously emitted
photons within the sample is fulfilled (referring to a simple
wave guide model, see, e.g., Ref. 50). M is then coupled to
the exciton densities N; and N, by the effective stimulated
emission cross section o, ¢ is the speed of light and » is the
refractive index of PFO, which is taken to be 1.8.'! The factor «
denotes an overall loss rate of photons from the probed region.
To fully account for all features of the signal decay over the
probed wavelength range, an additional species G* has to be
introduced. It is populated via the ASE process and describes
a vibrational excited ground state, analogous to the upper
ground-state level in a four-level-laser system.” It relaxes with
rate krejox and thus leads to a delayed recovery of the original
ground state. Without this process the delay of the sharp signal
decrease at 410 nm, where the signal has a strong contribution
from GSB, relative to 450 nm cannot be modeled (see Fig. 8).
In addition, it has to be taken into account, that waveguided
photons can be absorbed by G* and thereby excitons N; an
N, can be created with fractions that are estimated here with
Ni/(N1 + N) and N,/(Ny + N,), respectively. With this
model, the data of the transient measurements of BN-PFO
with three different excitation fluences is numerically fitted.
The average initial exciton densities are calculated from the
excitation fluences, the optical density and the thickness of the
sample (see Sec. II). The rates ki, krad, and y (¢) are adopted
from the numerical fit of Eqgs. (3)—(4) to the measured data
at low excitation fluence (see Fig. 4). The numbers for o, «,
and k.ox are obtained from fitting the data over a wavelength
range from 410 to 720 nm for all three excitation fluences
consistently.

The resulting numbers are given in Table II. They are
reasonable and confirm the basic validity of the model. The
effective cross section for stimulated emission o is derived
as 0.017 nm? and thereby within the range that would be
expected for conjugated polymers,*#64849 comparable, e.g.,
to the value reported for ladder-type poly(p-phenylene)s of
0.015 nm?.*® However, this has to be seen as a weighted
average over the wavelength range of stimulated emission.
At the ASE wavelength of 445 nm, the cross section can
be expected to be higher, though still of the same order of
magnitude. The measure « as a loss rate of photons from the
probed region can be expected to be of the order of (c/n)/l,
where [ denotes the characteristic path length a photon can
travel before it is absorbed with 1 — 1/, probability. This leads
to [ = 26.9 um, which again has to be seen as a weighted
average over the whole relevant wavelength region. Finally,
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FIG. 8. (Color online) Fit results at selected wavelengths based
on differential equations (15)—(18) after excitation of (pure) BN-PFO
with different fluences (transient absorption data: black, fits: red). The
lowest panel shows the time evolution of the photon density in the
waveguide modes resulting from the fit and gives the corresponding
initial exciton densities (see text for further information).

krelax = (0.4 ps)’1 is a typical vibrational relaxation time
for organic molecules. Figure 8 shows time traces from the
transient measurements and the corresponding fits at repre-
sentative wavelengths. The evolution of the photon densities
reflects nicely the nonlinearity of the process. ASE grows
exponentially with time if a certain threshold for the excitation
density, governed mainly by the loss factor «, is reached. The
rate with which the photon density grows is determined by the
exciton densities Ny and N, [see Eq. (17)] and thus scales
approximately with excitation fluence at early times. This
is reflected in the experiments by the shift of the steplike

TABLE II. Results from fitting the model corresponding to
Eqgs. (15)—(15) to the experimental data shown in Fig. 8. See text
for further information.

(krelax)_l
0.4 ps

o o

0.017 nm? 6.2 ps~!
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signal decay with excitation fluence to shorter times which
coincide with the peaks of the ASE (see Fig. 8). In principle,
the model can account for the system BN-PFO/defects, too,
though a smaller effective cross section for stimulated emission
of 0.012 nm? results (not shown), which can be explained
by the presence of keto defects, inducing additional ESA
(see Fig. 5).

IV. SUMMARY AND CONCLUSIONS

In summary, we compared the photoexcitation dynamics
in thin films of the polyfluorene derivate BN-PFO with and
without the presence of defect states and of the host/guest
system BN-PFO/DPAVB on time scales from the femtosecond
up to the nanosecond regime by a combination of spectro-
scopic techniques. A consistent picture of the energy transfer
processes within the system was obtained.

It is found that the presence of keto defects in undoped
BN-PFO films leads to a fast quenching of emission. Time-
resolved fluorescence measurements illustrate that the under-
lying process of energy transfer to a broad distribution of
defect states takes place in less than 100 picoseconds. Transient
absorption measurements reveal nonlinear decay dynamics at
sufficiently high exciton densities. From a numerical fit of
a model based on exciton-exciton annihilation, an exciton
diffusion constant of 1.34 nm’ps~! can be extracted and
be used to consistently model the energy transfer to keto
defects as diffusion controlled. This value for the diffusion
constant is considerably higher than in poly(3-hexylthiophene)
(0.18 nm?ps~")>! and polyparaphenylene (0.43 nm?ps~!).3
Taking into account the fluorescence lifetime v = 465 ps (see
Table I) a diffusion length Lp = /6Dt of 61 nm can be
derived, which is about 5-10 times larger experimental values
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usually reported for conjugated polymers.>> Note, however,
that this is only the case for defect free films. It has been
predicted theoretically that the diffusion length is significantly
shortened by the existence of trap sites.>

In the dye doped host/guest system BN-PFO/DPAVB, the
energy transfer from the PFO host matrix to the guest is shown
to be very efficient. It is completed within the time resolution of
the time-resolved fluorescence measurement. The higher time
resolution of the transient absorption measurements reveals
that it takes place in less than ten picoseconds and can be
assumed to be due to direct Forster transfer. A characteristic
Forster radius of 4.30 nm can be deduced.

At higher excitation densities, ASE at 445 nm can be
observed from the edge of the BN-PFO sample accompanied
by strongly non-exponential depopulation dynamics at early
delay times. The dynamics can be modeled by including the
interaction of exciton states with the density of waveguided
photons within the sample, giving a value for the effective
stimulated emission cross section of 0.017 nm?. In BN-
PFO/DPAVB, the ASE from the sample edge appears at
around 500 nm where lasing from the guest was observed
when a similar BN-PFO/DPAVB system was employed as
active medium in a distributed feedback structure.'>'® Also the
characteristic fast nonexponential decay observed in BN-PFO
is lacking here (at the applied excitation fluences), hence
speaking in favor of very efficient energy transfer to DPAVB.
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