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ABSTRACT

In this work we report a detailed comparison of optical and electrical degradation between «- and
B-phase poly(9,9-dioctyfluorene) (PFO) based diodes. Analysis of the EL spectra along continuous opera-
tion time in o~ and p-PFO based diodes reveals that the unwanted green emission traditionally associated
to fluorenone is more likely to occur in o-phase PFO. The relative spectral areas arising from excitonic and
vibronic transitions as well as fluorencne defects have been quantified by means of Gaussian deconvolu-
tion aloeng the operation time. The relative spectral area associated to the formation of the fluorenone
increases 13% for the p-PFO diode and up to 21% for the «-PFO diode only after 35 min of continuous
operation. Analysis of the I-V curve before and after electrical stressing has lead to hole mobilities in pris-
tine diodes of 1.4 x 10~* cm?/Vs and 1.6 x 1077 cm?/Vs for B-PEQ and o-PFO respectively. Both B-PFQ and
o-PFO degraded samples show a reduction in the hole mobility, as well as an increase in the width of the
Gaussian density of states.
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1. Introduction

Polyfluorenes (PFs) have been widely studied due to their inter-
esting properties as blue emitters for solution-processable polymer
light-emitting diodes (PLEDs). PFs are soluble in conventional
organic solvents such as aromatic hydrocarbons (Toluene, Tetrahy-
drofuran (THF), etc.) and chlorinated hydrocarbons {i.e. Chloro-
form) and result in high quality thin films when processed by
spin coating. PLEDs based on PF exhibit high efficiencies, reason-
able mobilities and good thermal and chemical stability [1,2].
One of the most attractive PFs 1s poly{9,9-dioctyfluorene) {PFO).
Its interest resides not only in its technological potential for vari-
ous optoelectronic applications, but also from the material struc-
ture point of view, in the different phases it shows [3,4]. In this
sense, PFO can be prepared in a range of morphological phases
[5,6]. Two well-known different conformations adopted by PFO
are an amorphous «-phase and a highly ordered phase, termed
the B-phase. This B-phase is composed of polymer backbones with
a more planar configuration which extends the mean conjugation
length [7]. This new conformation results in an increase of elec-
tronic delocalization which in turns leads to a red-shifted absorp-
tion and emission bands [7,8]. The B-phase is thoroughly studied
due to its greater colour stability at high bias and its high photolu-
minescence quantum efficiency [3,9]. B-Phase always appears as a
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minority constituent in the absorption but the optical emission is
dominated by p-type contributions, even for a small amount {less
than 10%) of p-phase embedded in a disordered glassy («-phase)
matrix [10,11]. Therefore, optical performance of a PFO based de-
vice depends enormously on the p-phase amount of the active
layer. Improved PLED performance with low contents of p-phase
has been attributed to efficient energy transfer and charge trap-
ping, which leads to a better balance of charges and more efficient
exciton formation [4,12]. While the exact mechanism of p-phase
formation 1s still not well understood, numerocus methods have
been carried out to alter the morphology of PFO and control the
formation of this phase. These approaches include thermal cycling
(cooling and slow reheating at room temperature) and exposure to
certain sclvent vapour of spin-coated glassy thin films [4,13-15],
incorporation of high boiling point additives into the solvent
[7,12,16] and the use of concentrated solutions, poor solvents
and low temperatures [6,17,18]. It has also been speculated that
the appearance of p-phase might be related to a low solvent evap-
oration rate. Some authors have achieved this mechanically by
introducing the samples in a box with a small aperture and con-
trolling the temperature [3].

Most of the above mentioned studies in B-phase are focused on
the different ways to obtain such a phase in film and its morpholog-
ical and photophysical characterization. Besides, few works report
on a device structure exhibiting p-phase and characterized the final
diode in terms of luminance at different voltages or current bias
[3,4,9,16]. Moreover, to our knowledge, no study has been carried
out to assess colour stability with current and with continuous



operation time of p-phase PFO based dicdes. Futhermore, it appears
interesting to analyze the I-V curves of o-phase and p-phase PFO
based diodes using theoretical conduction models in order to obtain
differences in the material properties such as carrier mobility which
in turn will determine the device electrical behaviour.

In this work we fabricated a-phase and p-phase PFO based
diodes and compare the colour stability of both devices at different
bias and for different times of continuous operation. Active layers
of all devices were deposited by spin coating from a toluene based
solution, controlling the solution and the annealing temperature.
The colour stability was studied by analyzing the electrolumines-
cence spectra {EL) by means of Gaussian deconvolution. -V curves
have been analyzed before and after sample degradation by fitting
the data to a theoretical model. This procedure leads to material
and structure parameters such as hole mobility ( i), injection bar-
rier {A) and width of Gaussian density of states ().

2. Experiment

The entire fabrication process is carried out in a clean room (class
10,000). Commercial indium-tin-oxide (ITO, thickness= 100z
5 nm) coated glass is used as substrate. Prior to film deposition, sub-
strates went through a typical organic material cleaning process.
Poly( 3,4-ethylenedioxythiophene)/poly{4-styrenesulfonate) {PED-
OT:PSS) was used as hole transport layer. The fabrication process
consists of several steps. First, ITO coated glass 1s patterned by
means of a photolithographic process. All layers are deposited in a
glove box under N, atmosphere. PEDOT:PSS is spin-coated at
6000 rpm and dried at 100 °C for 30 min. Active layers are spin-
coated at 6000 rpm from two different solutions with nominal equal
concentration of 1% wt in toluene. Samples were deposited and
cured at different temperatures, in order to control the -phase for-
mation. B-phase films were obtained when curing the samples at
70 °C in oven. This temperature is well below toluene boiling point
(110 (), ensuring a slow evaporation rate. On the other hand, when
films were annealed at 100°C in a hot plate, p-phase does not
appear, and thus, samples only show a-phase. It has been observed
that different annealing treatments of both devices, together with
small differences in solution concentration of & and B-PFO films,
may be the cause of the differences in the active layer thickness,
being 30 nm for the «-PFO and 50 nm for 3-PFO. Finally the Ba-Al
cathode is thermally evaporated on top of the organic layer surface
in a 107°Torr atmosphere. Including a thin layer of barium
(~20 nm) at the cathode helps electron injection and hence dimin-
ishes threshold voltage. Finally, devices are encapsulated using a
glass cover attached by a bead of epoxy adhesive. The final device
has a structure: ITO/PEDOT:PSS/PFO/Ba-Al. The diode active area
for oi-devices was 2 mm? and for p-devices was 8 mm?2 Two types
of devices with active layers «-PFO phase and j-PFO phase were
studied. Biasing is provided through an ITO path that connects each
contact to the outer wire. A detailed description of the fabrication
procedure 1s found in previous works [19,20].

Current-voltage (I-V) characteristics were recorded using an
Agilent 4155C semiconductor parameter analyzer and an Agilent
41501B SMU pulse generator. Samples were voltage driven under
dc conditions. Luminance and EL spectra were recorded using a
CS-1000 Minolta Spectroradiometer. Samples were current driven
under dc¢ conditions. Absorption spectra of thin PFO films were
measured using a UV-VIS-NIR Spectrophotometer Varian Cary
Scan 500.

3. Results and discussion

Films of «-PFO and p-PFO were prepared by spin coating in glass
substrates following the same time and temperature annealing

conditions as in PFO diodes. Films were examined by absorption
spectroscopy, taking into account the absorption of glass and sub-
tracting it to the sample absorption spectra. Fig. 1a shows the nor-
malized absorption spectra of the »-PFO and p-PFO, taken at room
temperature. Both absorption spectra show a main peak at around
380 nm, corresponding to the standard morphology of a-phase.
Moreover, the p-phase spectrum shows an additional peak at
433 nm, typically assigned to the p-phase. This implies that in fact,
in the so-called p-PFO film, there is a co-existence of both «- and
B-phases. It is possible to take advantage of the differences in the
absorption spectra to estimate the amount of p-phase by subtract-
ing the contribution of the amorphous PFO [2,8]. This method con-
sists of normalizing the absorption spectrum of «-PFO and B-PFO
films. Subtraction of the «-PFO normalized curve from the normal-
ized B-PFO spectrum yields the relative absorption of the -phase
and thus the total percentage of p-phase in the film can be
estimated [7,8]. Fig. 1b shows the calculated p-phase absorption
spectrum following the above procedure. The calculated total
amount of p-phase is 9%.

Fig. 2a and b show the luminance vs the driving current for the
a-PFO and p-PFO based PLED respectively. Insets show -V curve
for both diodes. It can be seen that the threshold voltage, Vth {de-
fined as the required voltage to begin conduction above the shoul-
der) is slightly higher for the B-PFO based PLED, around 4.5V,
while this value is approximately 3.5 V for the «-PFO based PLED.
This difference in Vth is attributed to a disparity in active layer
thicknesses, being 30 nm for the «-PFO and 50 nm for the 3-PFO.

Several works on colour stability in p-phase devices report EL
measurements at different voltages to study optical degradation
[3]. However, as mentioned before, PLEDs are current driven and
one should also take into account that electrical degradation may
also take place, meaning that at a constant voltage, the current
diminishes causing a reduction in EL intensity {and hence
luminance) [19]. This electrical degradation may hinder any
significant change in the spectral shape. In this work, current
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Fig. 1. (a) Normalized absorption of B-PFO and @-PFO films. (b} Calculated 3-phase
absorption spectrum based on subtraction of the o-PFO absorption.
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Fig. 2. (a) Luminance vs bias current for the o-PFO based PLED (b) Luminance vs
current bias for the -PFO based PLED. Insets show the corresponding I-V curves.

was kept constant in order to study the colour stability and device
optical degradation. EL spectra were recorded at different current
bias for both diodes (the voltage was adjusted in order to maintain
a constant current).

Fig. 3a shows typical spectra for a @-PFO based PLED. The spec-
tra are mainly composed by a peak at 423 nm corresponding to the
excitonic transition {0-0 band), a vibronic peak at 446 nm {0-1
band) and two additional secondary features at 477 nm and
526 nm. The peak at 477 nm is attributed to a second vibronic
replica {0-2 band), supported by the coincidence in the energy
shift (around 170 meV). The feature at 526 nm has been widely
studied and is attributed to the formation of fluorenone in the
presence of oxygen or so called keto defect [21-25]. Keto defects
are explained as the incorperation of oxygen as (=0 bonds In
the polymer backbone. They can be formed during synthesis or
as a result of electro- {(or photo) oxidative generation process of
almost any PFs and result in an undesired green emission band.
Besides, several studies show that some polyfluorene derivatives
exhibit a feature at 470-500 nm as a result of electrooxidation
with increasing bias current causing the appearance of a new
chemical spice [19,26]. However, in the case of PFO there 1s no
experimental evidence of such a phenomenon, in fact, the normal-
ized spectra show that the 477 nm peak diminishes as bias current
increases, reinforcing the hypothesis of a second order vibronic.
Fig. 3b depicts the EL spectra of the B-PFO PLED. Well resolved
red shifted peaks at 440 nm {0-0 p-phase band) and 463 nm
(0-1 p-phase band) are observed, indicating that the spectral char-
acteristics are completely dominated by the amount of p-phase
present in the devices, and are red-shifted from those found in
diodes based on amorphous PFO. Besides, a minor shoulder
at 422 nm appears associated to the excitonic transition of
the a-phase, and a broadband centred at about 511-530 nm asso-
ciated to the keto defect. It is worth mentioning that this latter
peak is very unlikely to respond to a second vibronic replica of
the B-phase since the energy difference {around 250 meV) greatly
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Fig. 3. Normalized EL spectra at different bias currents for the «-PFO PLED (a) and
B-PFO PLED (b). EL spectra were normalized to the maximum value of the highest
curve in order to cbserve the EL decay.

exceeds that between the main transition and second order
vibronic (approx. 150 meV). The minor contribution of the «-phase
to the EL spectra of Fig. 3b implies, on one hand, a fast and effective
energy transfer from the o~ to the p-phase domains. On the other
hand, because of the smaller energy gap of the B-phase compared
to the energy gap of the a-phase, p-phase may act as low-energy
traps for both singlet and triplet excitons. Both, the exciton migra-
tion from o- to B-domains, and the fact that g-phase can behave as
trapping centres results in a minor contribution of the a-phase to
the EL spectra even for films containing only a small fraction of
B-phase.

A careful look at the spectra reveals that the contribution of
each peak to the total emission is maintained constant as current
is increased for both devices, @-PFO and B-PFO diodes. This is con-
firmed by the CIE coordinates, that maintain constant values with
current, (0.20, 0.20) for the «-PFO PLED and (0.21, 0.22) for the p-
PFO PLED, indicating good colour stability and no degradation ef-
fects. The higher value of the CIE coordinates for the p-PFO PLED
results from the red-shifted EL spectra. These measurements were
taken instantly using pristine diodes to avoid the influence of time
degradation. It should be noticed that in samples with thin active
layers the device efficiency could be affected by the quenching ef-
fects of PEDOT:PSS and the metal cathode. However, 1in terms of EL
spectra, previous works show that thin films favours the appear-
ance of a peak centred at around 470-510 nm due to the electron
accumulation at the PEDOT:PSS interface [19]. This wavelength re-
gion is well above the o- and pB-phase main transitions.

Fig. 4 shows the evolution of the EL spectra recorded along
35 min of continuous dc operation at 500 pA for the B-PFO diode
(a) and 100 pA for the o-PFO diode (b). These are very conservative
bias current conditions so that if degradation occurs is mainly due
to cyclic operation. These driving currents have been chosen so
that the initial luminance in both devices were similar, 15 cd/m”
and 22 cd/m? for p- and a-phase devices respectively. As expected,
the EL intensity diminishes with time for both diodes indicating
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Fig. 4. Normalized EL spectra evolution for 35 min of centinuous operation under
dc conditions for the B-PFO PLED (a) and «-PFO PLED (b). Insets show the Gaussian
deconvelution for one EL spectra after 15 min of continucus dc operation.
Deconvelutions were performed in the energy domain, although they are shown
as function ef wavelength. EL spectra were normalized to the maximum value of the
highest curve in corder to cbserve the EL decay.

that luminance is also decreasing, 37% for the B-PFO diode and 69%
for the «-PFO diode, see Fig. 5.

However, the fact that luminance decays does not indicate by
itself that optical degradation is taking place, understood as an en-
ergy transfer from the main transitions (0-0 band and 0-1 band) to
the fluorenone sites. Luminance decrease is most probable due to
an electrical degradation, meaning the need to increase bias cur-
rent in order to maintain a constant level of light emission. A quick
look at the spectra may suggest that relative contribution of all
peaks may remain constant in both diodes. Nevertheless, a careful
analysis reveals an increase of the green component in the total
spectral emission, this being significantly more pronocunced for
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Fig. 5. Luminance decay versus time at a constant current: 500 pA for the 3-PFO
PLED and 100 pA for the «-PFO PLED. Luminance values are normalized to the
initial values of pristine devices.

the «-PFO PLED. EL spectra were decomposed by means of
Gaussian analysis to investigate the contribution of each peak to
the total emission. Insets in Fig. 4 show two examples of Gaussian
deconvolution after 15 min of continuous operation. Four Gaussi-
ans are used, each one centred at one of the significant peaks of
the EL spectra. It should be pointed out that although spectra are
plotted as a function of wavelength, Gaussian deconvolution was
performed in the energy domain. In the case of p-phase devices,
EL spectrum shows one main peak at 530 nm and a minor peak
at 510 nm. This latter peak could correspond to the second order
vibronic of the p-phase main transition. However, the contribution
of this area i1s small compared to the keto one, and hence, both
peaks have been modelled using one Gaussian in order to simplify
the calculation and maintain the same number of Gaussians in
both devices. It should be noticed that the «-phase contribution
in Fig. 4a 1s more than the main peak at 420 nm. Transitions asso-
ciated to pB-phase screen those of a-phase, since they occur at sim-
ilar energies. In particular, the main p-phase transition is very close
to the first vibronic of the «-phase, and hence the effect of lattice
phonons associated to the o conformation is hindered by the main
B-phase band. Fig. 6 shows the relative spectral area associated to
every peak versus time for B-PFO PLED (a) and «-PFO PLED (b). It is
remarkable that in both devices the keto contribution to the spec-
tra is above 50% of the total EL area. This initial high keto contribu-
tion can be attributed to the oxidation process during active layer
thermal annealing. Although devices were fabricated under N
atmosphere, the solution preparation was carried out outside the
glovebox. This favours the incorporation of oxygen in the active
layer. It should be noticed that while the peaks related to both,
a- and p-phase 0-0 band slightly decrease, the main difference is
observed in the contribution of the relative spectral area associated
to the fluorenone or keto defect. The contribution of the fluorenone
to the total emission only after 35 min of continuous operation in-
creases 13% for the B-PFO diode and up to 21% for the @-PFO diode.
Since both devices are based on the same material lot and using the
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same solvent, and were fabricated and measured under the same
conditions, two causes for this difference can be inferred: (i) either
that the p-phase is more stable and less reactive to oxygen, and
thus the formation of the keto upon reaction of oxygen in the C-
9 carbon is less probable, (i1) or that energy transfer from the main
transition bands to the fluorenone sites are less likely to occur in -
PFO phase. Recent studies propose that the unwanted green emis-
sion is more related to spatial disposition of fluorenones rather
that their amount [27,28]. According to this, the formation of flu-
orenone agglomerates i1s the cause for the increase of the green
emission over the blue one during electro- { photo) oxidation. The
reason for this is that when a fluorenone defect is formed, the alkyl
chain is lost, favoring local interchain interaction between the PF
backbone if several fluorenones are formed in spatial proximity
on different PF chains. In this context, and based on our experi-
mental results, we can inferred the following hypothesis to explain
the less pronounced keto band in p-phase devices: the different
morphology of the pB-phase, in particular, the pB-PFO chains adopt-
ing a planar zigzag structure which results in a longer conjugation
length, may difficult the formation of fluorenone agglomerates.
This does not mean that fluorenones cannot be formed, but they
are spatially separated and hence, the effect of keto band in the
EL spectra is less pronounced. In this context, devices containing
a certain amount of p-phase show an ultrafast efficient energy
transfer from the «- to the pB-domains [29]. The minor presence
of fluorenone agglomerates in the p-domain diminishes the green
emission in the EL spectra. Therefore, a small percentage
of p-phase in the PFO active layer results in higher color stability
since it reduces the radiative transitions from the fluorenone
sites. This result appears interesting to increase life time of PFO
based PLEDs keeping high purity blue emission upon continuous
operation.

In order to study electrical degradation mechanisms, I-V curves
were measured and analyzed before and after subjecting the sam-
ples to electrical stressing. All I-V curves were examined using a
single carrier conduction model that considers simultaneously
both bulk transport and injection mechanisms. In this sense, the
model does not assume previous simplifications such as injection
limited (high injection barrier) or bulk limited (low mobility) con-
duction. Carrier transport in the bulk has been traditionally de-
scribed in terms of Mott—-Gurney formalism [30]. However, if a
non-vanishing electric field at the interface {Ep) is present due to
a non-negligible injection barrier, the integration of the electric
field results in the J-V expression [20],
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where f; is the total current density in the bulk, Vi, the applied volt-
age, i is the dc equilibrium hole mobility, g is the vacuum permit-
tivity, ¢ is the material dielectric constant, f is the sample thickness
and @ is the ratio between the carrier density actually contributing
to transport and the total injected charge [31]. Notice that In
the case of ohmic injection, Ey vanishes and (1) reproduces the
well known Mott-Gurney equation in the presence of carrier

trapping,

Ju(Eo, Vi) = tegg

9 Vi
jsc == ﬁﬂeeﬂ?b (2)

The total current across the diode can be obtained by numeri-
cally solving the continuity equation for the current at the anode
interface,

Jinj(Eo} = Jo(Vb, Eo) (3)

where [ij; 1s the injection current density at the anode interface. In
this case, the injection mechanism chosen is that proposed by
Arkhipov et al. [32]. This is based on a microscopic approach of car-
rier hopping between discrete states and involves a number of
physical parameters such as: hole injection barrier, (A), and width
of the Gaussian density of states, DOS, (g). A detailed description
of the total electrical model employed in this work can be found
in previous works [20].

I-V curves for - and B-PFO diodes were fitted using the above
model before and after electrical degradation. Solid lines in Fig. 7
illustrate the fits.

Since the model is only valid for single carrier devices, simula-
tions for non-degraded devices were carried out just before the
onset of electroluminescence, that is, 100 pA and 500 pA for
o- and p-phase respectively. Besides, at those current levels, de-
graded devices do not show emission.

The fitting procedure has been performed using a non-deter-
ministic genetic algorithm. Solid lines in Fig. 7 show a reasonably
good agreement between theory and experiment except for the de-
graded «-PFO diode. This can be attributed to the non-ideal behav-
iour introduced by leakage currents, that could be modelled in
terms of circuital theory by introducing a parallel resistance.
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Fig. 7. Experimental I-V curves for o-PFO (a) and B-PFO (b} dicdes. Curves were measured before (filled squares) and after ( hollow circles) degradation. Thecretical fits are the

solid lines. Simulations were performed for veltages below light-onset.



Table 1
Parameters obtained from the fits of Fig. 7. Effective mohility (4*), hole injection
harrier (A), width of Gaussian density of states (o).

gt (em?{vs) A (eV) o (meV)
B-PFO dicde before degradation 14 % 10 ¢ 0.47 4d
B-PFO dicde after degradation 7 %10 ° 0.46 61
o-PFO dicde before degradation 16 %10 * 0.47 40
a-PFO dicde after degradation 92 %10 7 0.48 76

The set of physical parameters obtained from the fits are shown
in Table 1.

Since carrier mobility is known to be dependent on both electric
field and charge density [33,34], and moreover, not all the injected
charge contributes to transport, i&* must be considered as an aver-
age value within the range of applied voltages. Hole mobilities for
pristine B- and «-PFO are in agreement with those values obtained
using TOF techniques [35]. Furthermore, 3-PFO mobility is about
one order of magnitude higher than that of «-PFO, following the
same tendency as that found using TOF [12]. The higher hole
mobility for p-PFO is the result of the longer conjugation lengths
of p-phase chains [6]. In the case of degraded B-PFO and «-PFO,
the mobility decreases with respect to the pristine diodes by
factors of 20 and 17 respectively. In addition, the model shows
an increase of ¢ for both degraded PFO based diodes, indicating
that the Gaussian Density of States broadens. Since charge trans-
port occurs along localized states, an increase of the distribution
width of localized states results in an increase of dispersive trans-
port (that in turns appears as a consequence of hopping conduction
in a disordered material). This is in agreement with a reduction of
hole mobility, and thus, a worsening of charge transport. The
resulting hole injection barrier is consistent with values found in
literature of energy-level alignment between ITO/PEDOT work
function and PFO HOMO level [36].

4. Conclusions

Analysis of the EL spectra along continuous operation time in
o~ and pB-PFO based diodes reveals that the unwanted green emis-
sion traditionally associated to fluorenone is more likely to occur in
o-phase PFO diodes. The different morphology of B-phase and its
longer conjugation length may difficult the formation of fluore-
none agglomerates, which is in agreement with recent studies that
suggest that the unwanted green emission is more related to spa-
tial disposition of fluorenones rather that their amount. Therefore,
a small percentage of p-phase in the PFO active layer results in
higher color stability since it reduces the radiative transitions from
the fluorenone sites.

Study of the PLED I-V curve before and after undergoing electri-
cal stressing reveals that effective hole mobility in pristine diodes
is higher for p-PFO than for «-PFO as a result of the longer
conjugation lengths of pB-phase chains, being 1.4 x 10~* and
1.6 x 107> cm?/Vs respectively. Degraded diodes based on both
a- and p-PFO show a reduction of hole mobility and an increase
of the Gaussian Density of States width. This result suggests that
the worsening of charge transport is related to an increase of dis-
ordered material and hence dispersive transport.
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