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Absorption induced by electrochemically injected holes is studied in poly-9,9-dioctylfluorene (PFO) films.
Injected charges form positive polarons which are delocalised over four fluorene units in the glassy phase
and about seven fluorene units in its -phase. Polaron absorption cross-sections at the 640 nm peak are
similar to the published values of chemically reduced oligofluorenes in solution. The absorption cross-

section of polaron in the p-phase at 470 nm is about eight times smaller than the stimulated emission
cross-section derived from published data. This indicates that g-phase-rich PFO is an attractive candidate
for a light-emitting layer in double-heterostructure organic laser diodes.

© 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

The optical properties of charged excitations are important for
understanding organic semiconductor photophysics. The injection
of electric charge into organic materials polarizes the surroundings
and changes the bond lengths around it, such an excitation is
defined as a charged polaron. Absorption of light and fluorescence
quenching by polarons are important issues in the operation of
organic optoelectronic devices. It is particularly relevant to the
development of electrically pumped lasers. With recent advances
in materials properties and optical design the lasing threshold of or-
ganic structures under optical pumping is now low enough to enable
pumping by inorganic laser diodes [ 1-3] and LEDs [4] which is prom-
ising for fabrication of very sensitive low-cost devices for biosensing
and chemosensing [5,6]. However, light absorption by injected
charges has been reported to be the major obstacle to electrically
pumped lasing [7]. Injected charges can also quench luminescence
as they accept energy from excitons by resonant dipole-dipole inter-
actions and this is an important loss mechanism in organic LEDs as
well as in lasers. Absorption cross-sections of polarons are not
known to the desired accuracy because of the difficulty of quantify-
ing the charge density injected into the film. Previous studies used
controlled electrical injection of charges in unipolar devices through
contacting electrodes and field-dependent charge mobility mea-
surements to estimate the charge densities which were compared
with the values obtained by capacitance-voltage analysis and the
two results differed by a factor of three [8,9].
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In this letter we adapted electrochemical techniques [10,11]
for a controlled oxidation of poly(9,9-dioctylfluorene-2,7-diyl)
(PFO) films with different amounts of B-phase which allows us
to quantify absorption of hole polarons in glassy and p-phases.
Absorption cross-sections obtained from these measurements
show very good agreement with the published values of chemi-
cally reduced oligofluorenes. We also find that the absorption
cross-section of hole polarons in g-phase PFO at 470 nm is about
eight times smaller than the stimulated emission cross-section of
singlet excitons. Fluorene-based polymers have previously been
used to make optically pumped low threshold polymer lasers
[1,3,4,12] including structures with charge-injecting electrodes
[13,14] and high gain optical amplifiers [15]. Some polyfluorenes
show relatively high charge carrier mobility up to 0.06 cm?V~1s™!
as well as high optical gain and may be suitable for electrical
pumping [16]. Our results suggest that g-phase-rich PFO could
be used as a light-emitting layer in double-heterostructure organ-
ic laser diodes.

’

2. Materials and methods

PFO was purchased from American Dye Source (product
ADS129BE). All the solvents (Chloroform, THF, Acetonitrile) were
anhydrous grade grade from Aldrich. Tetrabutylammonium tetra-
fluoroborate (TFB-TBA, electrochemical grade) was from Aldrich.
Indium-tin oxide (ITO) covered glass substrates (Delta, 60 S cm™)
were used as working electrodes for the electrochemical character-
ization of the conjugated polymer. Prior to its use, the ITO glass
was cleaned by sonication in an acetone bath. Polymer films were
spin-coated from solutions in THF and chloroform (1 mgmL™')
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over transparent ITO electrodes. The film thickness was
determined using spectral ellipsometry and found [ =30 nm for
the films prepared from THF and [ =90 nm for the film prepared
from chloroform.

The electrochemical measurements were performed with a
Dropsens pStat400 potentiostat-galvanostat. The injected charge
was quantified by integrating the oxidation current in PFO film
drop-casted on ITO electrode using 5 g of the polymer and assum-
ing a density of polymer film of 1 g cm>. Absorption spectra were
measured with a spectrophotometer Varian Cary 300 and fluores-
cence spectra with a Jobin-Yvon Fluoromax 2.

The Electrochemically-Induced Absorption (ECIA) spectra pre-
sented are the difference between absorption spectra measured
at a controlled potential and the reference spectrum at 0.2 V vs fer-
rocene. Platinum wire was used as a counter-electrode. Silver wire
was used as pseudo-reference electrode. The reference electrode
was calibrated against ferrocene (Fc).

3. Results and discussion

The charge concentration in the polymer film was measured by
integrating the oxidation current in the forward scan of the stabi-
lized voltammogram which is shown in Figure 1. The current
shows a rise from 0.6 V, which corresponds to the onset of hole
injection into the PFO film. The voltammetric scan was reversed
at 1.05 V and the corresponding counter processes were observed.
A negative current appears which is related to the de-doping pro-
cess that finishes at a potential <0.5 V.

Absorption spectra of pristine films used in this study are
shown in Figure 2, the peak at 437 nm corresponds to a 0—0 vib-
ronic transition in p phase PFO whereas absorption from both
phases overlap at <420 nm. The fraction of repeat units which
adopt g phase in spin-coated films from THF and chloroform solu-
tions was determined to be ~33% and ~8% respectively by sub-
tracting the glassy film absorbance shown by dashed lines from
the measured absorbance after normalization at 354 nm as de-
scribed previously [17,18].

Figure 3 shows electrochemically induced absorption (ECIA)
spectra in a p-phase-rich PFO film which were obtained by taking
a difference of the absorption spectrum with injected charge and
the absorption spectrum of a neutral film. At low-doping levels
(top panel) two negative absorption bleaching bands appear at
407 and 438 nm that correspond to bleaching of the neutral g
phase PFO absorption, which indicates that positive injected
charges reside predominantly in the g phase. Concurrently an
absorption band appears with a peak at 643 nm and is assigned
to charge carrier absorption in the g phase. This band is similar
to photoinduced absorption spectra observed in p-phase-rich PFO
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Figure 1. Number of positive charges per fluorene unit vs the potential of an ITO/
PFO electrode in acetonitrile +0.1 M TFB-TBA. The inset shows the chemical
structure of PFO and the cyclic voltammogram.
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Figure 2. Absorption spectra (solid lines) of PFO films deposited from THF with 33%
of the g phase (a) and from chloroform with 8% of the p phase (b). Dashed line
shows the absorbance of the glassy phase in each film which was subtracted from
the total absorbance to estimate the fraction of the repeat units which adopt g
phase. This estimation is based on observation that the absorption transition dipole
moment of chromophores in glassy and g phase is similar for the same number of
repeat units [25].

films [19-22]. The peak at 643 nm and a shoulder at around
590 nm can be attributed to the 0—0 and 0—1 vibronic transitions
of charge absorption respectively, and from their amplitude ratio
the Huang-Rhys factor for the hole polaron absorption is S = 0.6.

At intermediate doping levels (middle panel in Figure 3) the
bleaching of the 438 nm peak saturates at >0.05 charge per fluo-
rene unit indicating that all g phase chromophores are filled with
charge and the glassy phase absorption at <420 nm starts to
bleach. The growth of a positive band at ~580 nm is also observed
and is attributed to charge absorption in the glassy phase.

At high-doping levels (bottom panel in Figure 3) the bleaching
of the neutral polymer absorption at <420 nm increases further
and indicates that extra charge is injected into the glassy phase.
The positive absorption band at 580 nm progressively shifts to
shorter wavelengths at >0.22 charges per fluorene unit. This
observation is similar to that by Takeda et al. who studied the
evolution of the absorption spectra of polyfluorene in solution
upon chemical reduction with sodium [23]. They proposed that
Coulombic repulsion between adjacent negative polarons in
highly doped samples produce a blue shift of absorption due to
compression of polarons and estimated the delocalisation length
of an electron polaron to be between four and five fluorene repeat
units. Zaikowski et al. have shown that polaron delocalisation in
long oligofluorenes is also between four and five fluorene repeat
units [24]. Our observation of the blue shift of absorption at
>0.22 charge per fluorene unit (1 charge injected per 4.5 fluorene
unit) suggests that delocalisation of a positive polaron in the
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Figure 3. ECIA spectra of the PFO film with 33% of the g phase at different doping
levels (expressed in the number of charges per fluorene repeat unit). Top panel: (a)
12x107° (b) 1.3x107% (c) 63 x107* (d) 2.1 x 107>, middle panel: (e)
5.6 x 1073, (f) 0.016, (g) 0.057, (h) 0.15; bottom panel: (i) 0.22, (j) 0.28, (k) 0.41.

glassy phase of PFO films is similar to the previously observed
negative polaron in solution.

It has been shown that the transition dipole moment for
absorption of chromophores in glassy and B phase is similar for
the same number of repeat units [25], which means that the inte-
grated absorption spectrum of each phase can be taken as a mea-
sure of the number of repeat units in that particular phase.
Saturation of the g phase bleach in the film with 33% of the g phase
is observed at 0.05 charge injected per repeat unit which corre-
sponds to 0.15 charge per repeat unit of the g phase because all in-
jected charges reside in this phase. This indicates that one
elementary charge injected into the film bleaches the absorption
of about seven repeat units which can be used as an estimate of po-
laron delocalisation. It is nearly twice longer than in the glassy
phase. Larger delocalisation of the polaron in the 8 phase is consis-
tent with a planar chain conformation which allows undisrupted
m-conjugation of the backbone.

The electrochemically induced bleaching spectrum shown in
Figure 4 gives a good representation of the neutral g phase absorp-
tion with the 0—0 vibronic peak at 438 nm and the 0—1 vibronic
peak at 407 nm. The Huang-Rhys factor of p phase absorption
S~ 0.3 is obtained from the ratio of vibronic peaks and is about
the same as that of the fluorescence spectrum. The Stokes-shift be-
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Figure 4. Differential absorption spectrum of electrochemically doped PFO film
(33% p phase) at 2.1 x 1073 charges per monomer (solid line, left axis, note that the
negative differential absorption values are inverted for clarity) and the fluorescence
spectrum of the same undoped film (dashed line).

tween 0—0 peaks of absorption and fluorescence is zero which
indicates that geometrical relaxation between the aromatic ground
state structure and the quinoidal structure of the neutral excited
state does not change the energy of the g phase chromophore in
PFO.

Figure 5 shows a similar experiment performed in a PFO film
with a low amount of the g phase (8%). The saturation of the j
phase bleach at 438 nm is observed when charge concentration ex-
ceeds 0.01 per fluorene unit but the characteristic polaron absorp-
tion in the glassy phase is already observed at a half of this
concentration. This and is consistent with stronger bleach of the
400 nm band than in the sample with 33% of the g phase and indi-
cates that some charge is injected into the glassy phase at concen-
trations lower than those needed to fully fill the g phase and can be
explained by incomplete charge transfer from the glassy to the
highly diluted g phase.
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Figure 5. ECIA spectra of the PFO film with 8% of the p phase at different doping
levels (expressed in the number of charges per fluorene repeat unit). Top panel: (a)
0.005; (b) 0.009; (c) 0.02. Bottom panel: (d) 0.03, (e) 0.1.
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We can determine the absorption cross section ¢ of the injected
charge at a particular wavelength using the expression derived
from the Beer-Lambert law

2.302AA
TN M

where AA is the electrochemically induced absorbance, N is the
concentration of injected charges and I is the film thickness. Figure 6
shows the evolution of the AA/I ratio as a function of N in PFO films
with 33% and 8% of the 8 phase. This ratio at 640 nm corresponds to
charge absorption in the 8 phase and it shows a linear dependence
on N up to ~15 x 10'® charges per cm® (0.01 charge per fluorene
unit) in both films. From the linear part we obtain o =4 x 107'® cm?
for the p phase at 640 nm. This value is consistent with the pub-
lished molar extinction coefficient of polaron absorption
£=6 x 10*dm>® mol~! cm™! at its peak in oligofluorenes with three
to ten repeat units [20]. Converting it using o{cm?]=2302¢/N,,
where N, is the Avogadro constant, gives ¢ =2.3 x 10~'® cm? for
the charge in oligofluorenes. The oscillator strength of an optical
transition is proportional to the spectrally-integrated molar extinc-
tion coefficient. For this reason the g phase of the polymer is ex-
pected to show a higher value on the peak of absorption than an
oligomer because the polaron absorption spectrum in the oligomer
is broader [20], thus, we consider that agreement with published
values is very good. This validates use of electrochemical charge
injection to control charge concentration in polymer films and also
shows that polarons have similar optical properties in film and
solution. Saturation of AA/I ratio at 640 nm for N> 20 x 108 cm—3
in the film with 8% of the g phase indicates that all  phase is filled
with charge and is consistent with a sharp increase of charge
absorption in the glassy phase at its 580 nm peak. From the latter
we estimate o =8 x 107'% cm? for the hole polaron in the glassy
phase at 580 nm. An apparent decrease of absorption cross-section
at 580 nm at the charge concentration of 120 x 10'® cm~3 (0.08
charge per repeat unit) in the sample with 8% of the p phase is a re-
sult of the blue-shift of polaron absorption spectra which is clearly
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Figure 6. Electrochemically induced absorption normalized to the film thickness
(AA/l, where | in nm) at 640 nm (top panel) and at 580 nm (bottom panel) vs the
injected charge in PFO films with 33% of  phase (solid squares) and 8% of  phase
(open triangles).

seen in the bottom panel in Figure 5. We attribute it to Coulombic
repulsion between adjacent hole polarons positioned on the same
conjugated segment which forces polarons to compress. It is
striking that in the sample with 33% of the p phase such a blue-shift
is observed at a twice higher charge concentration as compared to
the sample with 8% of the g phase (see bottom panel in Figure 3).
This indicates that more polarons can be injected into p-phase-rich
films before electrostatic interaction starts altering energetics of
electronic states and can be explained assuming that g-phase can
accommodate more polarons than the glassy phase for the same
number of repeat units. This assumption is justified by much longer
conjugation length of the p phase chains.

In order to evaluate the feasibility of electrically pumped lasing
we have to estimate losses associated with carrier and triplet
absorption at a lasing wavelength and compare them with the
optical gain observed in a laser structure under optical excitation.
Amplified spontaneous emission and lasing in PFO films with >5%
of p phase is generally observed at 470 nm and corresponds to a
0—1 vibronic peak of the PL spectrum of the g phase [26-28].
The AA/I ratio at 470 nm (Figure 7) in both films is similar up to
N~20x10'® cm~3 and increases sharply at higher N in the film with
8% of the g phase. The onset of this sharp increase corresponds to
saturation of the g phase with charge and indicates that charge
absorption at 470 nm in the glassy phase is higher than in the g
phase.

We estimate an effective charge absorption cross-section in the
B phase at 470 nm (which is a superposition of charge absorption
and an overlapping bleaching of the neutral polymer absorption)
0 =2x10""7 cm? using a linear fit to the AA/I ratio in Figure 7 for
N<25x10'"® cm~3. Bleaching of the $ phase shows a slight satura-
tion in this charge concentration range (Figure 8) which indicates
that some of the charge is also injected into the glassy phase and
gives stronger absorption at 470 nm than the polaron in the B
phase, therefore, our estimate of ¢ should be considered as an
upper limit. As a side result we estimate ¢ =1.2x10"'> cm? for
the neutral g phase at 439 nm from Figure 8 for N <25x10'® cm>.
This is very similar to the value estimated for the maximum
stimulated emission/absorption cross section of 1.5 x 107! cm?
in the g phase at 440 nm using the experimental fluorescence line-
shape and the radiative lifetime [13]. Good agreement of the
absorption cross-section on the peak with the published results
of the electron polaron [24] indicates that holes and electrons have
similar absorption strength and in the following discussion we re-
fer to both as gcamier- The stimulated emission cross-section osg has
been shown to be similar for both phases [26,27] which is consis-
tent with the transition dipole moments being very similar for both
phases [25]. Comparing our value of Gecamier=2 x 1077 cm? at
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Figure 7. Electrochemically induced absorption at 470 nm normalized to the film
thickness (AA/l, where [ in nm) as a function of the injected charge in PFO films with
33% of p phase (solid squares) and 8% of the p phase (open triangles).
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470 nm with the published osz=1.7 x 1071 cm?[29] we get
Osg = 80camrier fOr the charge injected in the B phase at
N <25 x 10'® cm 3. Numerical simulations reported by C. Girtner
et al. [7] showed that in order to reach lasing threshold in a dou-
ble-heterostructure laser diode with an emissive layer sandwiched
between the electron and hole transporting layers for osg = 8 G carrier
in the emissive layer the mobility of both electrons and holes
should be at least 1 x 1073 cm? V! s~! assuming that absorption
by triplet states at the lasing wavelength is negligible or triplets
are efficiently scavenged. The required mobility is four times high-
er than a photocurrent time-of-flight (TOF) hole mobility of
2.7 x 10~*cm? V' s~! measured in PFO films with ~1 ps transit
time [16]. Higher mobility of 0.01 cm?V~'s~! has been reported
for electrons in PFO-based field-effect transistors [30]. We must
also note that recent time-resolved measurements showed that
the sum of the hole and electron mobility on a picosecond time
scale is as high as 0.1 cm? V~' s~ in a fluorene copolymer and ex-
ceeds the microsecond TOF mobility by four orders of magnitude
[31]. Other polyfluorene derivatives similar to PFO show microsec-
ond TOF hole mobility up to 0.06 cm?>V~'s~! (200 times higher
than in PFO) and slightly higher optical gain than PFO [16], so,
the required charge mobilities may be achievable. PFO films can
be made with a large amount of the g phase (up to 40% demon-
strated) [17] which should be able to support high macroscopic
carrier mobility. We conclude that g-phase-rich PFO could be used
as a light-emitting layer in double-heterostructure organic laser
diodes in combination with suitable loss-less charge transporting
layers.

4. Conclusions

We have showed that spectroelectrochemistry enables quanti-
tative measurements of the charge carrier absorption cross-sec-
tions and spectra in polymer films. Results are reported for
glassy and p-phase poly-9,9-dioctylfluorene (PFO). We found that

the effective absorption cross-section of charge injected into j-
phase-rich PFO is at least eight times smaller than the stimulated
emission cross-section derived from previously published data.
Our results show that g-phase-rich PFO could possibly be used as
a light-emitting layer in double-heterostructure organic laser
diodes.
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