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We demonstrated a highly polarized organic light-emitting diode (OLED) through the enhancement of the orientational ordering of the emitting
polymer with a nematic liquid crystalline (LC) phase. The highly ordered state of the conjugate polymer was obtained by thermal annealing at the
nematic temperature and strong azimuthal anchoring energy of the underlying polyimide. The order parameter of the conjugate polymer was
analyzed using a second-harmonic generation model and the dichroic ratio was measured to be 22 : 1. Also, we applied our optimized OLED with
high optical polarizability to an effective light source for a twisted nematic LC display. © 2014 The Japan Society of Applied Physics

1.

Introduction

Organic electroluminescence (EL) phenomena have been
studied for a display application of an organic light-emitting
diode (OLED), owing to their excellent characteristics such
as low voltage driving, high brightness, and good color
performance.1) In particular, polymer light-emitting diodes
(PLEDs) based on a solution process have attracted
considerable attention because of their low-cost fabrication
process.2) In PLEDs, the emitted light is strongly affected by
the orientation of the conjugated polymer. The polarization
state of the emitting light is governed by the azimuthal
ordering of the conjugated polymer and manipulated by its
azimuthal direction. To obtain a polarized light from OLEDs,
various approaches, such as stretching, Langmuir–Blodgett
(LB) deposition, the use of nanostructures, and direct
rubbing, were proposed.3–19) However, those approaches are
unsuitable for large-size applications.20) Additionally, a
photon recycling method with an external compensation
layer was applied to realize a high polarization ratio (50 : 1),
but it is difﬁcult to adopt it in large-scale manufacturing
owing to the complex fabrication process of giant birefringent optics ﬁlms.21)
Liquid crystalline (LC) ﬂuorescent materials can easily be
aligned by a simple rubbing process to an alignment layer,
such as a large polyimide (PI) or hole transport layer.22) As a
result, a high optical polarizability is expected to be obtained
owing to the LC feature of the emitting polymer.
In general, the rubbing process governs the distribution
of the polymer backbone in an alignment layer. Thus, the
polymer backbone distribution is directly transferred to the
LC ﬂuorescent orientation. In this situation, the interfacial
interaction between the alignment layer and the LC
ﬂuorescent material is strongly converted to the azimuthal
anchoring energy. The anchoring energy is generally affected
by rubbing conditions including surface defects, such as
scratches. Jandke et al. reported the disadvantages of surface
scratches in polarized OLEDs and introduced the use of an
additional emission layer to obtain a highly polarized
emission.5) For polarized OLEDs, the relationship between
anchoring energy and optical polarizability is quantitatively
investigated to obtain high performances. However, such a
relationship has not been fully investigated yet.

In this study, we investigated the optical polarizability of
an OLED that corresponds to the surface anchoring energy
produced by an underlying rubbed polymer. The orientational
order parameter of the conjugated polymer was analyzed
from polarization-dependent photoluminescence (PL) using a
second-harmonic generation (SHG) model.23) Using this
method, we obtained optimized conditions for the alignment
layer for highly polarized OLEDs. Also, we demonstrated a
twisted nematic (TN) LCD with high light efﬁciency using a
highly polarized OLED as an effective light source.
2.

Experimental procedure

Poly(9,9-di-n-octylﬂuorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT from American Dye Source) with a
nematic LC phase was used as an emitting layer for the
highly polarized OLED. To improve the azimuthal ordering
of the emitting polymer, an AL22620 PI layer (from JSR)
was spin-coated onto an indium–tin oxide (ITO) substrate, as
shown in Fig. 1. The thickness of the PI layer was selected
to be about 10 nm to minimize the insulating effect of the PI
layer. After thermal imidization on a hot plate, the PI layer
was rubbed using a cotton roller at different times to control
the azimuthal anchoring energy of the alignment surface for
the emitting polymer. The polymer ﬁlm was unidirectionally
rubbed by a rubbing machine with a 6.5-cm-diameter roller
covered with a cotton cloth. The roller speed and the speed
of the substrate stage were ﬁxed at 500 rpm and 6 mm/s,
respectively.
The F8BT layer dissolved in toluene was spin-coated onto
the rubbed PI layer. The thickness of the F8BT layer was
measured to be about 60 nm. Initially, the emitting polymers
were randomly oriented in azimuthal directions as shown in
Fig. 1(d), owing to the randomness of the spin-coating
process. To increase the azimuthal ordering of the F8BT
layer, the prepared substrate was annealed at the nematic
temperature of the F8BT layer onto the hot plate for 20 min.
The unidirectional alignment of the emitting polymer is
clearly shown in the inset textures of Fig. 1(e) under crossed
polarizers. Note that the bright texture was obtained under
crossed polarizers when the alignment direction of the
nematic LC was rotated by 45° with respect to one of the
crossed polarizers. Finally, Ca/Al layers with thicknesses
of 5 and 9 nm were deposited by thermal evaporation,
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Fig. 1. (Color online) Schematic diagrams of the fabrication of polarized
OLED: (a) ITO layer as anode, (b) PI layer as alignment layer, (c) rubbing
process, (d) spin coating of the F8BT layer, (e) thermal annealing process,
and (f ) Ca/Al deposition as cathode.

Fig. 2. Measured anchoring energy of the alignment layer. Circles and
squares represent the azimuthal and polar anchoring energies, respectively.

respectively [Fig. 1(f )]. All processes were carried out in a
glove box ﬁlled with Ar gas to avoid exposure to humidity
and oxygen. We also fabricated a conventional TN LC
sample by applying a highly polarized OLED as a backlight
unit. For fabricating a TN cell, two ITO substrates with a
rubbed PI layer were assembled perpendicular and the cell
gap was maintained about 4.7 µm with glass spacers. An LC
with positive dielectric anisotropy (¦¾ = 5.5) was injected in
an isotropic phase using capillary force.
3.

Results and discussion

We measured the surface anchoring energy of the PI layer
according to the rubbing condition to quantify the surface
characteristics. The anchoring energy of the alignment layer
is generally represented by the Rapini–Papoular anchoring
potential form.24) Figure 2 shows the measured anchoring
energy characteristics of the PI layer as a function of the
number of rubbings. The azimuthal and polar anchoring
energies were estimated by a torque balance method and a
high ﬁeld method, respectively.25,26) In the non rubbed PI

Fig. 3. (Color online) Measured AFM images of the F8BT layers with
(a) 1, (b) 3, (c) 5, and (d) 7 rubbings after thermal annealing. The insets
exhibit 2D FFT images. An arrow depicts the rubbing direction.

layer, the PI polymers promote a planar alignment, but they
are randomly oriented without any preference in the
azimuthal direction; thus, the PI ﬁlm is isotropic. After
rubbing, however, the azimuthal symmetry is broken and
the directional preference generates the azimuthal anchoring
energy. With increasing ordering of the PI layer by rubbing,
the azimuthal anchoring energy rapidly increases and ﬁnally
saturates after 7 rubbings owing to the limitation of the
polymer chain ordering.27) In fact, the scratch produced by
rubbing was clearly observed in the substrate rubbed 8 times.
On the other hand, the polar anchoring energy is almost
constant irrespective of the number of rubbings, since it is not
strongly affected by the azimuthal ordering of the polymer
but by molecular interaction.28)
Initially, the spin-coated F8BT layer shows an isotropic
distribution even on the anisotropic PI layer. During the
thermal annealing process, the nematic phase transition
occurs in the F8BT layer; thus, the F8BT layer is unidirectionally aligned according to the rubbing direction. The
azimuthal ordering of the F8BT domains on the rubbed PI
layer was investigated by surface morphology analysis with
atomic force microscope (AFM; Park Systems XE-100). As
shown in Fig. 3, with increasing number of rubbings and
resultant azimuthal anchoring energy, the anisotropy of the
surface morphology is clearly observed. The direction of
the anisotropy directly corresponds to the rubbing direction.
The two-dimensional (2D) fast Fourier transformation (FFT)
clearly reﬂects the anisotropy of the surface morphology, as
shown in Fig. 3 (see inset ﬁgures in the AFM images). The
direction of the 2D FFT result reveals the power spectra of
the periodic morphology in the perpendicular direction. In
Fig. 3(a), the 2D FFT is circular owing to the random
periodicities of the molecules. However, by increasing the
number of rubbings, the periodicities of the molecules are
arranged in predeﬁned directions and the 2D FFT becomes
an anisotropic ellipse. Also, from the AFM textures and the
corresponding 2D FFT images, the anisotropy of the F8BT
layer is deﬁnitely observed from a sample rubbed 5 times
and the above one similar to the results of the azimuthal
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(a)

Fig. 5. (Color online) Measured dichroic ratios of the fabricated EL
samples and microscopic textures with one polarizer.

(b)
Fig. 4. (Color online) (a) PL intensities of the fabricated samples as a
function of the polarization angle and (b) the order parameters evaluated
using the SHG model.

anchoring energy, that is, the azimuthal anchoring energy
signiﬁcantly increases after 5 rubbings. As a result, the
azimuthal anchoring energy of the underlying surface
strongly affects the molecular ordering of the F8BT layer.
The optical polarizability of the F8BT layer depending on
the azimuthal anchoring energy was investigated through the
PL measurements shown in Fig. 4. The polarization-dependent PL intensity was measured by rotating a polarizer in front
of a detector. In general, the polarization of light emitted from
the conjugated polymer coincides with the direction of the
conjugated backbone. Therefore, each polarization component generated by polarized excitation reﬂects the molecular
distribution of the conjugated backbone.29) Figure 4 shows
the measured PL characteristics of the differently rubbed
samples as a function of the rotation angle of the polarizer.
Here, the rubbing direction is selected to be 90°. To estimate
the order parameter of the backbone orientation, we adopt the
SHG model under a constraint of in-plane ordering. Note that
the PL intensity is proportional to the absorption, and thus the
polarization dependence of the PL intensity is directly related
to that of the backbone orientation. The measured intensity
by varying the polarizer angle (º) was ﬁtted using the
following equation in the SHG model:23)
!


n¼1
X
  =2
gð; Þ ¼ F exp 
an cos n ;
1þ
2 2
1
where ª and · are the polar angle of the substrate and the
standard deviation of the polar angle, respectively. The ﬁrst

Gaussian distribution term is negligible in the in-plane
model, since we assume that most polymer backbones lie on
the substrate plane.
Now, we calculate the in-plane order parameter from the
ﬁtting parameter that corresponds to the amplitude of n-thorder harmonics and an orientational order parameter. At the
polarization-dependent PL intensity, with increasing number
of rubbings (the azimuthal anchoring energy), the optical
polarizability and resultant order parameter increased, as
shown in Fig. 4. As aforementioned, since the rubbing
scratch was clearly observed in the substrate rubbed 8 times,
the order parameter degraded after right rubbings. In fact,
since the thin PI layer was used for minimizing the insulating
effect of the additive alignment layer, the PI layer was easily
damaged by a strong rubbing. The maximum value of the
order parameter (³0.9) is also comparable to that observed
in conventional rubbed nematic LC cases.30) We also obtain
results similar to the order parameters estimated from the
polarization-dependent EL intensity, as shown in Fig. 4(b).
Figure 5 shows the dichroic ratios of the OLEDs fabricated
under different rubbing conditions. As expected, the dichroic
ratio rapidly increases up to 7 rubbings and then decreases at
the 8th rubbing. The inset images show the EL images of the
OLED samples under different polarizer angles prepared by
1, 5, and 7 rubbings. When the rubbing direction is parallel to
the transmission axis of the polarizer, the maximum brightness is obtained. Figure 6 shows the current–voltage and
luminescence–voltage characteristics of an OLED cell rubbed
7 times. In the OLED rubbed 7 times, the luminescence was
measured to be about 1200 cd/m2 at 12 V and the dichroic
ratio was about 22 : 1.
On the basis of the high optical polarizability of our
proposed OLED, we also demonstrated a TN LCD with high
light efﬁciency. As expected, half of the incident intensity of
a nonpolarized backlight unit is blocked by the polarizer,
sufﬁciently degrading the light efﬁciency in the LCDs. The
highly polarized OLED was used as the backlight unit for the
TN LCD. Figure 7 shows the voltage–transmittance characteristics of two TN LC cells adopted in the polarized and
normal OLEDs under the same fabrication conditions. Inset
images show the corresponding TN LC cells. Under crossed
polarizers, the polarized OLED-adopted TN LC cell is twice
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LCDs. The polarized OLED would eliminate such a
reduction in light efﬁciency in conventional OLEDs. We
believe that the polarized OLED is a viable candidate for
displays with high light efﬁciency.
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Fig. 6. Current–voltage and luminescence–voltage characteristics of
OLED cell rubbed 7 times. The inset graph indicates the EL spectrum of the
sample.

Fig. 7. (Color online) Measured voltage–transmittance characteristics of
the TN LC cells with the polarized and normal OLEDs, and the
corresponding camera textures of TN LC cells.

brighter than the normal one as shown in Fig. 7. Here, the
polarizer is parallel to the polarization direction of the OLED.
4.

Conclusions

We investigated a highly polarized OLED through the
enhancement of the azimuthal ordering of the conjugate
polymer with an LC phase. The highly ordered state of the
emitting polymer was achieved by thermal annealing at the
nematic temperature and strong azimuthal anchoring energy
of the underlying PI. The order parameter of the conjugate
polymer was analyzed using a SHG model and the maximum
dichroic ratio of the OLED was estimated to be 22 : 1. We
expect that this value will be improved by photorecycling.
Also, we demonstrated a highly efﬁcient TN LCD using
our optimized OLED with high optical polarizability as an
effective light source. In a commercial OLED, since the
polarized sheet in front of the OLED panel is laminated for
image visibility in an ambient light environment, the light
efﬁciency is reduced by the polarizer similarly to that in the
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