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Film morphology and photophysics of polyfluorene
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We have studied the interplay between photophysics and film morphology of poly~9,9-dioctyl!fluorene
~PFO! using a variety of optical probes. Upon slowly warming a spin-cast PFO film from 80 to 300 K, a
fraction of the sample is transformed into a different solid phase, theb phase. Absorption and electroabsorp-
tion measurements show that theb phase has more extended conjugation than the glassy phase. As a conse-
quence, excited states of theb phase are redshifted and have higher polarizability. The photoinduced absorp-
tion spectrum of a glassy PFO film is dominated by triplet excitons, whereas both polarons and triplet excitons
are seen in a sample containing a fraction of theb phase. The dependence of the photoinduced absorption and
photocurrent upon the excitation wavelength shows that there is a clear link between polaron and triplet
photogeneration.
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I. INTRODUCTION

Polyfluorene has emerged as an attractive material for
play applications owing to efficient blue emission1 and hole
mobility greater than 331024 cm2/V s with trap-free
transport.2 Poly~9,9-dioctylfluorene! ~PFO! has also been
found to exhibit a complex morphological behavior that h
interesting implications for its photophysical properties.
the melt, polyfluorenes show liquid crystalline phases t
can be aligned and quenched into the glassy state, which
led to the fabrication of highly polarized electroluminescen
devices.3,4 Two previous examples of harnessing structu
versatility to manipulate electronic and optical properties
PFO are the observation of fast hole transport in glassy
uid crystalline monodomains5 and the variation of lasing
properties with phase morphology.6

PFO films display different forms of~para!crystalline or-
der. Spin-coating a PFO film from solution produces a gla
sample with spectroscopic characteristics typical of con
gated polymers. A different phase that has been called thb
phase has been detected upon cooling a glassy film o
substrate to 80 K and slowly reheating it to room tempe
ture or exposing a film to the vapor of a solvent or swelli
agent.7,8 The spectroscopic properties of the glassy andb
phases differ characteristically from one another. Thep-p*
transition of the glassy phase is featureless, with a maxim
at 3.23 eV~384 nm!. Remarkably, theb phase shows a nar
row, well resolved absorption peak at 2.84 eV~437 nm! and
an associated vibronic structure superimposed upon the
absorption.7,8 This behavior has been correlated with the d
gree of intrachain ordering in the different phases. X-r
fiber diffraction measurements of the glassy phase h
shown that the parallel-to-chain coherence length matc
the length of persistence in solution8 (85610 Å) as well as
the effective conjugation length in solution.9 Hence, the ef-
fective conjugation length in glassy PFO is conformationa
limited. The intrachain correlation length of theb phase is
much longer (220 Å). The observed redshift of absorption
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much longer than can be accounted for by extrapolation o
series of oligofluorenes to infinite conjugation length.9 It has
therefore been proposed that mechanical stresses durinb
phase formation result in additional planarization.8 This pro-
posal is supported by similarities in the photophysics ofb
phase PFO and planarized ladder-type poly~para-phenylene!
~LPPP! that are described in this paper.

The rich phase morphology of PFO provides a uniq
opportunity to study the influence of film morphology on th
photophysics of conjugated polymers without the need
chemical modification. The electronic structure of PFO film
was studied by absorption, photoluminescence~PL!, and
electroabsorption spectroscopy. Photoexcitation dynam
were studied by photoinduced absorption~PA! spectroscopy.
Triplet and charge photogeneration were studied by mea
ing the PA and photocurrent action spectra. The followi
sections describe the experimental techniques, studies o
electronic structure of PFO, and photoexcitation dynamic

II. EXPERIMENTAL METHOD

The synthesis and characterization of PFO have been
viously described.1,10,11 PFO has an ionization potential o
5.8 eV,12 and an optical gap of 3.0 eV. For optical measu
ments, samples of PFO were spin-coated onto synth
quartz~Spectrosil B! disks from toluene solution. The solu
tions were filtered prior to spin coating. Absorption spec
were measured in a Unicam UV-visible spectrophotome
PL emission was collected with an optical fiber, dispersed
a spectrograph, and recorded with an Oriel charge-coup
device detector. For this measurement, samples were ex
by a monochromated 150 W xenon arc lamp. Absorption a
luminescence measurements were performed in an amb
environment at 300 K.

The electronic structure of polyfluorene films was inve
tigated by absorption and electroabsorption~EA! spectros-
15 604 ©2000 The American Physical Society
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copy. EA spectroscopy is an attractive nonlinear optical te
nique as it can be performed over a wide spectral range u
continuous wave light sources. A sinusoidal electric field
applied to the sample to modulate its optical absorption.
nondegenerate states and to second order in the applied
tric field, the result is a change in the optical absorpt
proportional to a combination of the first and second deri
tives of the absorption coefficient with respect to ener
These arise from differences in the polarizability (]a/]E)
and/or permanent dipole moment (]2a/]E2) of the ground
and excited states.13 The electric field also mixes electron
states, which results in a transfer of oscillator strength fr
the strongly allowed to forbidden optical transitions. T
transfer of oscillator strength results in a bleaching of
allowed absorption together with the appearance of indu
absorption bands. The EA spectrum can be simulated by
~1!:

Da5ca1
1

2
DpF2

]a

]E
1

1

6
~mfF !2

]2a

]E2 1a8, ~1!

where Dp is the difference in polarizability between th
ground and excited states andmf is the permanent dipole
moment of the excited state~the ground state has no perm
nent dipole moment!. The first term describes bleaching
the absorption due to transfer of oscillator strength from
lowed to forbidden transitions (c,0) and the last term in
Eq. ~1! (a8) describes induced absorption.

For electroabsorption measurements, interdigitated alu
num electrodes with spacing 100mm and thickness 50 nm
were evaporated onto the spin-coated polymer films. T
permitted the absorption spectrum of a film to be measu
prior to electroabsorption measurements. It also permitte
film to be thermally cycled without damage to the electrod
Electroabsorption samples were mounted in a liquid nitro
cooled cryostat equipped with optical and electrical acce
A 5000 Hz sinusoidal electric field was applied to the sam
using the reference output of a lock-in amplifier driving
high voltage amplifier. Light from a 150 W xenon bulb
dispersed through a monochromator, focused onto
sample, and then onto a photodiode or photomultiplier tu
Lock-in amplification was employed to detect changesDT in
the transmissionT. The resulting spectra, to a good appro
mation, are proportional to the imaginary part of the dc K
susceptibility, Imx (3)(2v;v,0,0).

Photogeneration mechanisms and photoexcitation dyn
ics were studied by photoinduced absorption spectrsoc
This technique uses standard phase-sensitive lock-in t
niques with a modulated Ar1 laser beam as a pump and
broad spectrum light source as a probe. The PA spectr
defined as the normalized changeDT in the probe transmis
sion T, is related to the photoexcitation densityn by

2DT/T5nsd, ~2!

where s is the excitation cross section andd the sample
thickness. The PA signal is related to the excitation quan
yield h by

2DT/T5hts, ~3!

wheret is the excitation lifetime andS the photon flux per
unit area. The PAE spectrum is measured by varying
-
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excitation wavelengthl and is a measure of the excitatio
quantum yield as a function of the incident photo
energy.14,15 The photocurrent action spectrum of a PFO fi
sandwiched between indium tin oxide and aluminum el
trodes was also measured. The photocurrent action spec
is defined as the number of photocarriers generated per
sorbed photon in a device configuration and the spectrom
has been previously described.16

III. ELECTRONIC STRUCTURE OF PFO PHASES

Figure 1~a! shows the absorption and PL spectra of a P
film spin cast from toluene solution. The absorption begins
2.9 eV and reaches a peak at 3.23 eV. The lowest ene
absorption band is 0.5 eV wide with no vibronic structu
The PL spectrum exhibits a clear vibronic structure w
peaks at 2.92, 2.75, and 2.57 eV. The absorption spect
redshifts by 12 meV upon cooling the sample from 300 to
K, but no new features are observed. The thermochro
effect is due to freezing out vibrational and librational mod
of motion that can shorten the effective conjugation length17

At low temperatures, the conjugation length increases
the absorption spectrum redshifts.

Figure 1~b! shows the absorption and PL spectra of a P
film following cooling to 80 K and slow warming to 300 K
A new absorption band with clear vibronic structure is s
perimposed upon the original absorption spectrum and
PL spectrum redshifts by 0.1 eV. The main absorption
also redshifted by 10 meV. Figure 2 shows the absorpt
spectrum of theb phase, which was determined from th
change in the absorption spectrum. No thermochromic s
of the b phase absorption spectrum was observed.

Interchain effects cannot account for changes in the

FIG. 1. ~a! Absorption~dashed line! and PL~solid line! spectra
of a spin-cast PFO film. Inset: chemical structure of PFO.~b! Ab-
sorption ~dashed line! and PL ~solid line! spectra of a thermally
cycled PFO film.
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15 606 PRB 62A. J. CADBY et al.
sorption and PL spectra of PFO upon thermal cycling. If
absorption peak at 2.86 eV were due to Davydov splitting
the main absorption band, there should be a correspon
blueshifted absorption peak and reduced fluoresce
yield.18 J-aggregate formation causes significant narrow
of the absorption and emission spectra, whereas we obs
only a redshift of 0.1 eV in the PL. Interchain aggregati
can lead to excimer emission,19,20which is characterized by a
reduction of the PL quantum yield and a structureless PL
is redshifted by 0.5 eV or more with respect to t
fluorescence.21 The lack of evidence for interchain effec
supports the conjecture that theb phase is an intrachain sta
with extended conjugation.7,8

We investigated the effects ofb phase formation on the
electronic structure of PFO by EA spectroscopy. The non
ear optical properties of phenylene-based (p-conjugated!
polymers are dominated by contributions from four essen
states: the 1Ag ~ground state!, 1Bu , mAg , and nBu
states.22,23 Transient pump-probe measurements by Fro
et al. have shown that there is an additional even parity s
strongly coupled to 1Bu , which has been labeled thekAg
state.24 Barford et al. have extended the essential four-sta
model to include the contributions of this state to the non
ear optical properties of poly~para-phenylenes!.25

Figure 3~a! shows the EA spectrum of a glassy PFO film
measured at 77 K. The EA spectrum is dominated by t
oscillatory features with zero-level crossings at 3.12 and 4
eV. The low energy feature is due to a Stark shift of the 1Bu
exciton and the high energy feature to a combination of
duced absorption by themAg state and a Stark shift ofnBu
state. The latter feature is particularly important as thenBu
state is considered to lie close to the onset of the continu
band.26 The solid line shows a fit to the EA spectrum, usi
Eq. ~1!. The contribution of themAg state is a Lorentzian
centered at 4.03 eV and the contribution ofnBu is the de-
rivative with respect to energy of a Lorentzian centered
4.03 eV. From this fit, we have determined the polarizabi
difference between the 1Ag and 1Bu states, Dp58.1
310219 eV m2/V2 (2300 Å3).

Both phases contribute to the EA spectrum of the th
mally cycled sample, shown in Fig. 2~b!. There is a new
derivative-shaped feature with a zero-level crossing at 2
eV due to a Stark shift of the 1Bu state of theb phase.
Induced absorption peaks are seen at 3.68 and 3.86 eV

FIG. 2. Absorption spectrum of theb phase, determined by th
change in the absorption spectrum of a PFO film upon ther
cycling. The fluorescence spectrum is also shown.
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the zero-level crossing at 4.07 eV has redshifted to 4.01
The polarizability of theb phase is nearly twice that of th
glassy phase,Dp51.5310218 eV m2/V2 (4200 Å3), and
therefore has a relatively larger contribution to the EA sp
trum of the thermally cycled sample than to its absorpt
spectrum. Again, this is consistent with theb phase being a
phase of polyfluorene with extendedp conjugation. The
solid line shows a fit to the EA spectrum, assuming indep
dent contributions of the two phases to the EA spectrum. T
energies of themAg andnBu states have redshifted slightly
to 3.67 and 3.95 eV, respectively, and the induced absorp
features are slightly narrower. Even though there is no th
mochromic shift inb phase PFO, the polarizability at 43
nm measured by EA increases by 80%. The polarizabi
difference between the 1Ag and 1Bu states is apparently
more sensitive to increased conjugation than is the opt
gap.

IV. PHOTOEXCITATION DYNAMICS

The morphology of PFO films has a strong influence
photogeneration of polarons and triplet excitons. Figure
shows the PA spectrum of~a! the as-spun sample and~b! the
thermally cycled sample. The PA spectrum of the as-sp
sample is dominated by an unusually sharp and strong t
sition at 1.43 eV with a weak sideband at 1.62 eV. There w
no evidence for photoinduced infrared active vibrations t
accompany charged excitations.27–29 We accordingly assign
the PA band at 1.43 eV to excited state absorption of trip
excitons. The full width at half maximum of this transition
38 meV, the sharpest triplet excited state absorption fea
ever observed for a conjugated polymer. A sharp transit
accompanied by a relatively weak and broad vibronic si
band is characteristic of an optical transition where there
little geometric relaxation between the two states~the

al

FIG. 3. ~a! Circles: EA spectrum of amorphous PFO film. Lin
Model of the EA spectrum.~b! Circles: EA spectrum of thermally
cycled sample. Line: Model of the EA spectrum.
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Huang-Rhys parameterS!1). Such a narrow linewidth also
requires there to be very little inhomogeneous broadenin
the transition, indicative of a material with low energe
disorder. The PA spectrum continues up to 2.4 eV and
below 1.4 eV is quite weak (2DT/T,1025).

The PA spectrum of the thermally cycled sample is sho
in Fig. 4~b!. The triplet PA band is eight times weaker tha
in the glassy sample and two new PA bands appear at
and 0.3 eV. These PA bands have the same dependenc
pump power and modulation frequency and are accompa
by a series of sharp infrared active vibrations below 0.2
The PA spectrum below 0.4 eV was measured using a F
rier transform infrared~FTIR! spectrometer and is shown o
an expanded scale in Fig. 5. All of these results are cha
teristic of polarons, charged excitations with spin 1/2. T
assignment was confirmed by PA-detected magnetic r
nance ~PADMR! measurements.30 We accordingly assign
these PA bands to transitions of polarons. Comparison of

FIG. 4. ~a! PA spectrum of an as-spun PFO film.~b! PA spec-
trum of a thermally cycled PFO film.

FIG. 5. The low energy portion of the PA spectrum of a th
mally cycled PFO film, showing photoinduced infrared active
brations.
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PA below 0.5 eV of the two samples shows that the pola
yield is approximately 10 to 15 times stronger in the th
mally cycled sample than in the as-spun sample. There
weak feature at 1.95 eV in the PA spectrum in Fig. 4~a! and
the polaron could be clearly detected in the PADMR sp
trum of an as-spun sample.30

The frequency dependence of the triplet PA for bo
samples is shown in Fig. 6. The triplet PA depends linea
on the excitation power, indicating monomolecular recom
nation kinetics. For monomolecular recombination kineti
the magnitude of the PA depends upon the modulation
quency as

DT}1/A11~2p f t!2, ~4!

wheref is the modulation frequency andt is the excitation
lifetime. The decay of the triplet PA signal with increasin
frequency could not be well fitted to a single excitation lif
time ~dashed lines!, but could be fitted with a biexponentia
decay~solid lines!. The triplet lifetime of the as-spun samp
is 1.8 ms with a 13% fraction of triplets having a lifetime o
98 ms. The triplet lifetime of the thermally cycled sample
slightly longer~7.4 ms! with a 2.5% fraction of triplets hav-
ing the shorter lifetime~93 ms). We can also estimate th
triplet quantum yield in glassy phase PFO to be 5%, ass
ing a similar cross section for triplet excitons as for excit
state absorption of singlet excitons in a substituted P
@sT51.8310215 cm2 ~Ref. 31!# and using Eq.~2!. The high
fluorescence quantum yield of PFO (50%) puts a lower lim
on the triplet cross section:sT>2.0310216 cm2.

The narrow PA band triplet excitons and the fact th
polarons are generated only in theb phase provide a unique
opportunity to compare different photogeneration mec
nisms of triplet excitons inp-conjugated polymers. The
most direct method to produce triplet excitons is intersyst
crossing of singlet excitons. Like fluorescence, intersyst
crossing will follow thermalization of singlet excitons an
should be independent of the pump photon energy.15,34 Trip-
let excitons may also be indirectly photogenerated throu
recombination of photogenerated polarons. Spin statis

-

FIG. 6. Dependence of the triplet PA upon the modulation f
quency. The as-spun sample is shown as filled circles, the therm
cycled sample as open circles. Fits to the frequency depend
using one or two lifetimes are shown as dashed and solid lin
respectively.
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15 608 PRB 62A. J. CADBY et al.
predicts a 75% yield of triplet excitons from recombinati
of nongeminate polaron pairs, although singlet format
rates as high as 50% have been proposed.35,36 Frankevich
and co-workers have proposed that evolution of the spin s
of long-lived geminate polaron pairs can also result in
production of triplet excitons.37 For production of triplet ex-
citons from polaron pairs, the triplet and polaron PAE sp
tra should resemble each other. The polaron PAE spect
in p-conjugated polymers typically has a step at the onse
absorption followed by a marked increase in the pola
yield for pump energies 0.6–1.0 eV above the absorp
edge.

Figure 7 shows the PAE spectra of triplet excitons in
as-spun film, measured at 1.43 eV, and of triplet excitons
polarons, measured at 1.93 eV, in a thermally cycled sam
Triplet excitons contribute approximately 20% of the PA
1.93 eV in the thermally cycled sample. The PAE spectr
of the as-spun film, due to triplet excitons, has an onset at
absorption onset and increases only slightly as the pho
energy increases. The weak dependence on photon ene
consistent with direct intersystem crossing of singlet ex
tons. As charge photogeneration is extremely weak in
film, intersystem crossing should be the dominant photo
neration mechanism for triplet excitons.

The PAE spectra of both polarons and triplet excitons
the thermally cycled sample are quite different. The onse
the PAE spectrum of the thermally cycled sample is close
the b phase absorption and has local maxima at 2.81
2.96 eV. The polaron quantum yield steadily increases as
photon energy increases. This is characteristic of intrin
charge photogeneration, where exciton dissociation proce
directly upon creation of a ‘‘hot’’ exciton.33,15,32 The PAE
spectra resemble the photocurrent action spectrum of P
shown as symbols in Fig. 7, as well as the polaron P
spectrum of methyl-substituted LPPP.15 The differences in
the polaron yields of the two films suggest a possible rela
between the effective conjugation length and photocar
yield. For a sample with conformationally limited conjug
tion length, intrinsic charge photogeneration is weak a
charge photogeneration is dominated by extrinsic~defect-
related! mechanisms. The line shape of the triplet PAE sp
trum of the thermally cycled sample is quite different fro

FIG. 7. The PAE spectra for triplet excitons in an as-spun P
film ~bold line!, triplet excitons~solid line!, and polarons~dashed
line! in a thermally cycled film. The photocurrent action spectrum
shown as symbols for comparison.
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that of the as-spun sample, but follows the polaron P
spectrum. Thus, our results show a clear link between tri
and charge photogeneration. Additional studies of the t
types of PFO film should further clarify the link betwee
these two long-lived photoexcitations.

There is a striking similarity in the optical properties ofb
phase PFO and LPPP. The absorption and PL spectra
displaced only 50 meV relative to one another, have sim
vibronic progressions, and bothb phase PFO and LPPP hav
small Stokes shifts38 between the 0-0 absorption and P
peaks~70 meV and 60 meV, respectively!. Furthermore, the
optical transitions of triplet excitons and polarons occur
nearly the same energies in both materials.15,19,38–43In view
of these similarities, it is surprising that a study compari
LPPP and several of its oligomers concluded that LPPP h
much shorter conjugation length~10–14 phenyl rings! than
PFO or otherpara-phenylene polymers;44 this despite the
fact that the molecular design of LPPP forces a copla
conformation of all conjugated units. This conclusion is fu
ther contradicted by the redshifted absorption a
fluorescence spectra of LPPP in comparison
the dialkoxy-substituted PPP derivativ
poly~2,5-diheptyloxy-1,4-phenylene!.45,46 Rather, the rapid
convergence of the optical transitions of LPPP oligom
with those of the polymer suggests that excitons in LPPP
self-localized. Therefore, the coherence length of planari
LPPP is much larger than the exciton size dimensions. Th
results would also indicate that conjugation lengths cal
lated from series of oligomers of most conjugated polym
results in a conformationally limited estimate of the con
gation length.

V. CONCLUSIONS

In summary, we found that an additional solid phase,
b phase, is formed in PFO films upon thermal cycling fro
80 to 300 K. This phase consists of polymer chains w
extendedp conjugation. Compared to glassy samples p
pared by spin casting from solution, excitations of theb
phase are redshifted and have a higher polarizability. PA
PAE measurements show that polarons are more ea
formed in theb phase and that there is a clear link betwe
polaron and triplet photogeneration.
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