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Abstract

We report the improvement of light outcoupling efficiency of thermally annealed thin liquid crystalline light-emitting
polymer films. Unlike the generally observed phenomena from thermally annealed fluorescent polymer films, in the
liquid-crystalline fluorescent polymer (LCFP) films, the transverse electric waveguide mode was suppressed due to the light
scattering by liquid-crystalline domains in the film. In addition, the optical anisotropy of the annealed LCFP was
increased. As a result, the light extraction of photoluminescence and electroluminescence emission in the annealed LCFPs
was enhanced by ~2 times because the emitted light loss by waveguide was minimized. This approach to improve light
extraction by forming scattering domains inside the LCFP film gives an insight to improve the outcoupling efficiency of
the EL devices in the viewpoint of the material design and film morphologies without employing external geometric device
structures.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first report of polymer light-emitting
diode (PLED) based on poly(p-phenylenevinylene)
in 1990 [1], PLED is rapidly approaching commer-
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cialization to full color flat or flexible panel display.
However, their poor luminescent efficiency as well
as operation instability still remains significant
hindrances to their commercialization in full color
panel displays. Therefore, improving the external
quantum efficiency (7o) of organic/polymer LEDs
is one of the key issues in recent researches of
organic LEDs because the internal quantum effi-
ciency (#;,) is the intrinsic property of an emitting
material and it is now close to the theoretical limit
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[2,3]. nex can be further improved by increasing
the light outcoupling efficiency (&) in the devices
(Mex = &Enin) [4,5]. ¢ in conventionally constructed
organic LEDs is usually as low as ~20% [4,5]. In
other words, almost 80% of the light generated in
the device is lost due to waveguiding and total inter-
nal reflection in the glass substrate generally used in
organic LEDs as well as due to re-absorption [4,5].
Therefore, various methods to overcome external
efficiency limitations have been proposed to date:
for example, introduction of a corrugated surface
for Bragg scattering [6], two-dimensional photonic
crystals [7], ordered microlens array [8], and self-
organized photonic structure of a thin polymer film
[9] in the device. The common feature of above
methods is to expand the escape cone of the sub-
strate and to suppress the waveguide mode by add-
ing additional photonic structures outside or inside
the device. Thus they all need additional patterning
processes. In this work, however, we report the
enhancement of outcoupling of photoluminescence
(PL) and electroluminescence (EL) from liquid-crys-
talline blue-emitting polymer films by forming
liquid crystalline domains inside the film via thermal
annealing at nematic-isotropic phase transition
temperature (7y;) without employing additional
photonic structures. Once liquid crystalline multi-
domains by thermal annealing at 7y\; have been
grown inside liquid-crystalline thin films, they can
effectively suppress the waveguide mode. As a
result, the waveguiding loss of emitted light is
reduced due to the light scattering and thus higher
external device efficiency is obtained. This approach
gives an insight to improve the outcoupling effi-
ciency in the viewpoint of material design and film
morphology without using external geometric
device structures.

The thermal treatment of EL polymer films at
higher temperatures above the glass transition tem-
perature of the material is known to induce inter-
chain emission species and lowering of fluorescence
efficiency [10,11]. When the thermal annealing was
done before the metal electrode deposition, the
device gave a little lower efficiency but demonstrated
higher operating stability due to the enhanced pack-
ing density of polymer chains [12]. Therefore, if we
can obtain a higher external luminous efficiency
from the devices comprising thermally annealed
polymer emitting films, the device stability at the
same luminance can also be further improved since
the driving current is lowered for the same device.
Nowadays, blue polymer LEDs still have much

poorer operational stability compared with the green
and red devices. Therefore, it is quite necessary to
develop highly stable blue-emitting polymers to
expedite the commercialization of full color PLED
displays. As a prospective blue-emitting material
for PLEDs, polyfluorenes (PFs) have been investi-
gated because they display extremely high lumi-
nescence efficiencies with emission wavelengths
primarily in the blue spectral region. In addition,
polarized electroluminescence from aligned liquid
crystalline PFs can be realized [13,14]. However, it
has been reported that PFs generate undesired exci-
mer emission [15] or keto emission (a lower energy
emission due to keto-defect) [16] due to the strong
chain interaction when the PF films were annealed
above the glass transition temperature. In contrast,
we found that the thermal annealing of LCFP films
can improve the outcoupling efficiency of lumines-
cence without generating strong excimer emission
or keto emission.

2. Experimental

The PBSDHEFS films with varying thickness were
spincast from the chlorobenzene solution. The
PL spectra of the specimens were measured using
an ISS PCl photon counting spectrofluorometer.
The thermal characteristics and the liquid crystallin-
ity of poly(2,7-bis(p-stiryl)-9,9’-di-n-hexylfluorene
sebacate) (PBSDHFS) were examined by employing
a Perkin Elmer Pyris 1 differential scanning calorim-
eter and a Leitz Ortholux II polarized optical
microscope equipped with a hot stage, respectively.
The films are also spincast on the top of the O,-
plasma-treated indium-tin-oxide (ITO)-coated glass
substrates for EL devices. The film thicknesses were
averaged after measuring several times by a TEN-
COR P-10 surface profiler and controlled to be con-
stant. The thickness was calibrated from the UV
absorbance for unannealed and annealed films,
independently. Aluminum was deposited on the
top of the blend film under a high vacuum (10~°
torr) and used as the cathode. EL spectra were mea-
sured using an ISS PC1 Photon Counting Spectro-
fluorometer. The spectroscopic refractive index
was determined using a dual-beam reflectometer
SCI, FilmTek 4000.

The PBSDHFS/poly(9,9-di-n-hexyl fluorenediyl-
vinylene-alt-1,4-phenylenevinylene)  (PDHFPPV)
blend (98:2 by wt.) films were spincast from the
chrolobenzene solution for amplified spontaneous
emission study and were photo-pumped with 1 Hz,
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800 ps pulses at 337.1 nm generated by a nitrogen
laser. The pumping energy was controlled using a
set of calibrated neutral density filters. The pumping
beam was focused on 1x5mm? of the specimen
and the emission from the film edge was collected
by a Minolta CS1000 spectrofluorometer.

3. Results and discussion

A fluorene-based  light-emitting  polymer,
PBSDHFS was synthesized as reported elsewhere
[17] and its chemical structure is shown in Fig. la.
PBSDHFS showed liquid crystallinity with the glass
transition temperature of 48 °C and the Ty of
103 °C as illustrated in Fig. 1b.

We annealed the PBSDHFS films with different
thicknesses at 103 °C and then investigated their
fluorescence characteristics as a function of the film
thickness. The annealing was carried out in a vac-
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Fig. 1. (a) The chemical structure of poly(2,7-bis(p-stiryl)-9,9’-di-
n-hexylfluorene sebacate) (PBSDHFS). (b) The glass transition
temperature (7,) and the nematic-to-isotropic transition temper-
ature (7np) determined by differential scanning calorimetry. The
PBSDHEFS film showed liquid crystallinity with the glass tran-
sition temperature of 48 °C and the nematic-to-isotropic transi-
tion temperature of 103 °C.

uum oven to reduce chemical oxidation where the
oven temperature was slowly increased from room
temperature to 103 °C for 30 min and kept at
103 °C for 30 min. Before annealing, the film is
amorphous and does not have liquid crystalline
domains. We did not observe any fluorescence from
the unannealed pristine films via a cross polarized
fluorescence optical microscope as Fig. 2a shows.
But after annealing, the formation of the nematic
liquid crystal domain of PBSDHFS was observed
by the cross-polarized fluorescence optical micro-
scope as Fig. 2b shows [18]. Actually, although we
tried to figure out the liquid crystalline domain size
after thermal annealing with the function of the film
thickness, we could not observe the domain size
clearly due to the resolution limit of the optical
microscope. In addition, the cross-polarized fluores-
cence from the annealed thin films of 50-100 nm
thickness was not clearly observed. However, as
the film thickness increases above 100 nm, it was
getting easier to observe the liquid-crystalline

Fig. 2. The cross-polarized fluorescence microscope images for:
(a) the unannealed film; (b) the annealed film. The film thickness
was ~200 nm. The scale bars are 10 pm.
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multi-domains from the cross-polarized fluores-
cence microscope. Therefore, we speculate that the
domain size could increase linearly as the film thick-
ness increase. To find out another evidence of the
multi-domain formation, we tried to observe the
surface morphology by atomic force microscopy
as Fig. 3 shows. Unlike the generally observed
surface phenomena for the thermally annealed
amorphous films (i.e. smoother surface) [10], the
thermally annealed PBSDHFS films have more
rough surface than the pristine film, which implies
that liquid crystalline multi-domains are formed.
The more precise morphological observation of
the growth of the nematic liquid crystalline domains
in the two-dimensionally confined thin film geome-
try with varying the film thickness is currently our
research topic.

We observed the PL intensities from the films at
90° with respect to the excitation monochromatic
light incident on the film at 40° without using an
integration sphere in order to compare relatively
the outcoupled light intensity of the annealed films

RMS=1.954 nm

RMS=2.451 nm

Fig. 3. Atomic force microscope images for: (a) the unannealed
film; (b) the annealed film. The film thickness was ~200 nm.
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Fig. 4. The PL Spectra of the PBSDHFS films before and after
the annealing at 103 °C, measured while being excited at 375 nm:
(a) the 19 nm-thick film and (b) the 100 nm-thick film.

with that of the unannealed film. By the thermal
annealing, the PL intensity of the 19 nm-thick
PBSDHFS film was decreased by ~10% (Fig. 4a),
which was generally observed in annealed fluores-
cent polymer films [10]. The PL intensity reduction
comes from the interchain interactions in the
annealed films [10]. For the 100 nm-thick film, how-
ever, the PL intensity was almost doubled after the
thermal annealing (Fig. 4b). In addition, we did not
observe any undesired spectral broadening over
lower energy emission band that had been observed
for polyfluorenes due to the excimers or keto defects
formation [15,16]. It is worth noting that the
full-width at half maximum (FWHM) of the PL
spectrum was reduced from 58 to 46 nm by the
annealing.

We plotted the PL intensity of the PBSDHFS
films as a function of the film thickness before and
after the annealing as Fig. 5a shows. The ratio of
the PL intensities measured before and after the
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Fig. 5. (a) The PL intensities of the PBSDHFS films before and
after the annealing as a function of the film thickness. (b) The
ratio of the PL intensities measured before and after the
annealing as a function of the film thickness.

annealing was also shown as a function of the film
thickness in Fig. 5b. The PL intensity ratio tends
to increase as the film thickness exceeds ~50 nm
and then saturates after the thickness reaches
~80 nm where the PL intensity is almost doubled.
We consider this PL intensity increase by the
annealing originates from the liquid-crystalline nat-
ure of the film material because the liquid-crystalline
domains in the PBSDHFS films will grow up by
annealing. The PL intensity increase for the films
thicker than 50 nm indicates that the light scattering
by the domains starts to be effective when the film
thickness exceeds ~50 nm to suppress the wave-
guide mode. The light scattering inside the film
waveguide changes the direction of the propagating
light to escape the waveguide. We found that the
cut-off thickness of the zero-order transverse electric
(TE) mode waveguiding (d.tg) is close to 50 nm.
d. e is expressed by the following equation that
represents the zero-order TE-mode of waveguiding
[19].

A n2 —n?
detp = ———— tan™! -
2Tc,/n}27—nf, "y, — 1

where n,, n,, and n, are the refractive indices of the
polymer (PBSDHFS), substrate (glass), and clad-
ding layer (air), respectively, and A is the wave-
length. d.tg was obtained to be 54 nm from the
Eq. (1) with the known parameters (ng=1.5,
n.= 1.0, n, = 1.83 at 430 nm). Therefore, the light
scattering within the waveguide becomes effective
when the film is thicker than the d, 1 of 54 nm. This
implies that although the film is much thinner than
the wavelength of visible light, the lateral dimension
of the nematic liquid crystal domains may grow to
be large enough to scatter visible light in the TE-
mode waveguiding along the substrate. The detailed
growth mechanism of the lateral liquid crystalline
domain size inside the confined geometry and the
estimation of the lateral liquid crystalline domain
size with the function of film thickness are beyond
the scope of this paper and currently another re-
search subject. Our approach is unique in that the
fluorescent film itself acts as a light scattering
medium as a single polymer film without adding
an optical structure or a layer on the surface. Other
approaches using Bragg scattering in a laterally
corrugated microstructures [6] or phase separated
microstructures by self-organization using a poly-
mer blend [9] cause a rough device surface which
can be a potential source to deteriorate a device
long-term stability due to uneven electric field.

In order to confirm the suppression of the wave-
guide mode in the EL device, we fabricated the
devices of the structure of indium-tin-oxide (ITO)/
PBSDHFS/Al with the annealed and unannealed
PBSDHEFS films. As Fig. 6a shows, the EL intensity
of the device based on the annealed film was also
doubled at the same bias voltage (11 V) and the
FWHM of the EL spectrum was also narrowed.
To date, we have generally observed that the EL
devices based on thermally annealed EL film above
the glass transition temperature have shown lower
device quantum efficiency [10], However, as the inset
of Fig. 6b shows, the maximum EL quantum effi-
ciency of the device with the annealed film is ~2.8
times higher than that of the one with the unan-
nealed film although the current versus voltage
characteristics are similar as shown in Fig. 6b. With-
out any geometrical modification of the device, the
outcoupling of the light intensity could be enhanced
by the formation of the lateral liquid crystalline
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Fig. 6. (a) The EL spectra of the ITO/PBSDHFS/AI devices
based on the annealed and unannealed PBSDHFS films, mea-
sured at the operating voltage of 11 V. (b) The current density
versus electric field characteristics of the ITO/PBSDHFS/Al
devices. The inset shows the external EL quantum efficiency
(Q.E.) as a function of the current density. The 100 nm PBSDHFS
film became thinner (95 nm) after thermal annealing. Thus we
showed electric field (V/m) on the x axis.

domains via the thermal annealing only. Beside the
fact that we doubled the extracted light intensity,
the device operation lifetime also can be much more
improved if we drive the device at the lowered
current density for the same luminance level. For
example, when we apply 2.0 as the conversion accel-
eration factor of the lifetime for the half reduction
of the luminance level, the device lifetime can be 4
times improved [20,21]. Therefore, this simple light
extraction method can be useful to improve the
efficiency and the lifetime of the polymer LEDs
based on LCFPs.

In order to reconfirm that the waveguide mode
was suppressed by the formation of the liquid crys-
talline domain via the annealing, we examined the
edge emission from the annealed and unannealed
films. The excitation geometry is shown in Fig. 7a.

When we photo-excited the 15 nm-thick film before
and after the annealing, the PL intensity was a little
lowered after the annealing but the PL spectrum
remained almost unchanged, which are very similar
to the results shown in Fig. 4a. This indicates that
the PL characteristics of the edge emission from
the films thinner than d. g are not different from
those of the normal emission. In contrast, the PL
intensity of the edge emission from the 100 nm-thick
annealed film was much lower than that from the
unannealed film of the same thickness as Fig. 7c
shows, which suggests that the waveguide mode
was largely suppressed due to the light scattering
inside the annealed film. The amplified spontaneous
emission from the edge of the thin fluorescent
films on the substrates with low refractive index
such as glass or quartz has been reported to date
[18,22,23]. We observed a low-threshold amplified
spontaneous emission (~20 nJ/cm?/pulse) in the
blend film of PBSDHFS with 2 wt% PDHFPPV as
Fig. 7d shows [17]. However, with the annealed
LCFP film, we did not observe the amplified spon-
taneous emission at a very high excitation energy
(600 uJ) due to the waveguide mode suppression
while the unannealed film showed a gain narrowing
even at much lower excitation energy (~24 nJ). This
also supports that the waveguide mode is largely
suppressed in the annealed LCFP films due to light
scattering by the liquid crystalline domains. Thus
the amplified spontaneous emission of the annealed
fluorescent film on glass can not occur since emit-
ting light can not effectively travel the film slab
waveguide.

We also tried to observe optical anisotropy of
the LCFP film before and after the thermal anneal-
ing. As Fig. 8 shows, it is interesting to observe
that the film anisotropy (An) was increased after
thermal annealing although the overall refractive
index values were reduced. Hence, the total inten-
sity coupled out of the device increases when the
emitters are aligned in the plane compared with
an isotropic orientation [5]. This is possibly
because that annealing changes the director orien-
tation of the annealed liquid crystalline films. We
optically simulated the outcoupled luminescence
yield from the device when we assume that the
emitting dipoles aligned only in the plane (i.e. no
out-of-plane emitting dipoles). In this case, the
luminescence yield was improved by ~49% com-
pared with the perfect isotropic orientation [24].
Other literature also reported that the ~58%
improvement of outcoupling efficiency for Al
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devices based on the emitting film with only in-
plane dipoles compared with that with the isotro-
pic dipoles [5]. Although, in the annealed film (with
liquid crystalline domain), the emitting dipoles was
more aligned in the plane compared with those in
the unannealed film (without liquid crystalline
domain), the outcoupled light improvement by
the difference in optical anisotropy between the

unannealed and the annealed film should be much
less than ~49%. Therefore, the ~2 time improve-
ment in light extraction mainly originated from
the light scattering inside the films due to the
multi-domains.

4. Conclusion

Thermal annealing for fluorescent polymers,
especially polyfluorene derivatives, generally give
rise to the generation of a lower energy emission
(excimer or keto emission) and the lower fluores-
cence yield. However, we found that the improve-
ment of light outcoupling efficiency above the cut-
off thickness of TE waveguide can be realized in thin
LCFP films by the formation of the liquid crystal-
line domains via thermal annealing. The TE wave-
guide mode was suppressed due to the light
scattering by liquid-crystalline multi-domains in
the film. As a result, the external PL and EL effi-
ciency was enhanced by ~2 times above the cut-off
thickness of TE waveguide mode. This approach
to form liquid crystalline multi-domains in LCFP
film by thermal annealing gives an insight to
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improve the light extraction yield in the EL devices
in the viewpoint of material design and film
morphology without employing external geometric
device structures.
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