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This study describes the degree of circularly polarized electro-
luminescence defined by a dissymmetry g factor, depending on
the emission zone in a twisted mesogenic conjugate polymer. Using
a matrix analysis and a ratio of non-polarized emission, the emission
zone and the corresponding g factor were quantitatively analysed
without additional layers.

Introduction

The emission of polarized light from conjugated polymers with
the mesogenic phase is widely studied in both scientific interest
and technical applications."™ In particular, the circularly polarized
(CP) emission has attracted much attention in applications such as
displays, optical information, and sensing, since the CP emission
leads to enhancement in device performance.”® The degree of CP
emission is defined by the dissymmetry g factor g = 2(I;, — Iy)/
(I, + I), where I, and I represent the intensities of left-handed
CP (LHCP) light and right-handed CP (RHCP) light, respectively. In
organic light-emitting diodes (OLEDs), the high |g| value enhances
the luminance efficiency in an anti-reflection environment.>®
Recently, a very high |g| value was reported in the doped
lanthanide complex. Here, the role of the position of the
electron-hole recombination (emission) zone was discussed to
achieve high g factor considering the attenuation of emitted
light.” It was theoretically expected that the g factor in an
induced twist structure of the mesogenic conjugate polymer
was varied by the emission zone using a Miiller matrix analysis
for a twisted birefringent medium.®

Probing and controlling the emission zone is crucial to
improve the stability of the OLED as well as to understand the
degradation mechanism.’®"" A well-known approach towards
probing the emission zone is to add a thin electroluminescence
(EL) layer with different wavelengths at various positions within
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the emitting layer (EML).""™'* However, such an approach might
be questionable since the additional layers give rise to undesirable
motion of charge carriers within the EML. Recently, the
modelling methodologies using photoluminescence (PL) and
EL degradation'® or using spectrum analysis for two different
emitting materials'® were reported to determine the emission
zone. Although these approaches quantitatively described the
emission zone, these methods have limitations in the application
of various emitting materials.

In this work, we investigate the effect of position of the
emission zone on the g factor in the twisted mesogenic conjugate
polymer to obtain a high g factor for enhancing the OLED
luminance. The relationship between the emission zone and the
g factor was directly calculated using the Miiller matrix analysis for
the continuously twisted configuration of the mesogenic conjugate
polymer. The position of the emission zone was controlled by the
thickness of a hole blocking layer (HBL), which also acts as an
electron injecting hurdle (EIH). We quantitatively determined the
emission zone by comparing the measured g factor and the
expected g factor associated with the emission zone. It is found
that the g factor increases when the emission zone moves toward
the cathode but rather decreases when the emission zone enters
the HBL due to non-polarized emissions at the HBL for the thicker
HBLs. Also, the penetration of the emission zone toward the HBL
was analysed with a ratio of non-polarized intensity to polarized
intensity and a peak ratio of the emissions at the EML and the HBL.

Experimental
Materials

For the emitting layer, the conjugate polymer, poly(9,9-di-n-
octylfluorenyl-2,7-diyl)-alt-(benzo [2,1,3] thia-diazol-4,8-diyl)
(F8BT) and the left-handed chiral dopant, S5011 were commercially
acquired from Solaris Chem and Merck, respectively. The F8BT
shows a nematic LC phase over 125 °C and the S5011 with a high
helical twisting power (HTP) over 100 um™ " for small-molecule
LCs'” exhibits a HTP of about 10 um ™" for the F8BT.® The hole
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Fig. 1 (a) Chemical structures of the materials, and (b) device configurations
and energy level diagrams of the OLEDs in this work.

blocking material, 2,2/,2"-(1,3,5-benzentriyl)tris(1-phenyl-1H-
benzimidazole) (TPBi) and the hole injection material, copper
phthalocyanine (CuPc) were commercially acquired from LUMTEC.
For aligning the F8BT, the rubbed alignment layer AL22636, which
served as the hole transport layer and the electron blocking layer,
was commercially acquired from Japan Synthetic Rubber. All
materials were used directly without further purification. The
chemical structures of the used materials are shown in Fig. 1a.

Device fabrication

The OLEDs with various thicknesses of the TPBi on the S5011-
doped F8BT layer were fabricated in this work. The device
structures and energy levels are illustrated in Fig. 1b. Prepatterned
indium-tin-oxide (ITO) substrates (a sheet resistance ~20 Q (07)
were cleaned by ultrasonication in deionized water and mucasol
(alkali detergent) for 60 min. The CuPc, served as a hole
injection layer, with a thickness of 2 nm was deposited by
thermal evaporation under a vacuum of 6 x 10~ ° Torr on the
ITO surface. To align the EML, the AL22636 was spin-coated (at
1000 rpm for 10 s and 3000 rpm for 20 s) on the CuPc and
unidirectionally rubbed by a rubbing machine after imidizing
the alignment layer via baking at 210 °C for 60 min. The rubbing
machine consists of a 6.5 cm-diameter roller covered with a
cotton cloth. The rotational speed of the roller and the transla-
tional speed of the substrate stage were fixed at 500 rpm and
6 mm s~ ', respectively.'® The dissolved F8BT mixture blended
with 7 wt% S$5011 in toluene (25.11 mg mL ') was spin-coated
(at 1000 rpm for 10 s and 3000 rpm for 20 s) on the rubbed
AL22636 and baked at 150 °C for 10 min (the thickness of the
F8BT is 120 nm). The total twisted angle of the F8BT layer was
evaluated to be 86° (see the ESIt). TPBi with various thicknesses
(0, 10, 20, 30, 40, and 50 nm), LiF (1 nm), and Al (70 nm) were
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sequentially deposited by thermal evaporation. All samples were
encapsulated by glass and UV curable resin (NOA 65 form
Norland Products) under a nitrogen atmosphere to avoid exposure
to oxygen and humidity.

Device characterization

The linearly polarized photoluminescence (LPPL) and the CP
electroluminescence (CPEL) of the OLEDs were measured using
a spectroradiometer (TOPCON, SR-UL 1R) under a rotary stage.
The birefringence of the F8BT was measured using the photo-
elastic modulator (PEM) (Hinds, PEM-100) and the lock-in
amplifier (Stanford Research System, SR830) based on the
PEM method (see the ESIt). The LPPL was measured using the
intensity ratio of the parallel component to the aligned direction of
the F8BT to the perpendicular one. The CPEL was observed under a
circular polarizer consisting of a linear polarizer and a quarter-wave-
plate (QWP) for 546 nm. Two orthogonal CPELs were measured by
rotating the QWP by £45° with respect to the linear polarizer.
All measurements were carried out in ambient environments
after encapsulation.

Results and discussion

LPPL characteristics

Prior to the investigation of the CPEL, the aligning property of
the F8BT on the rubbed AL22636 was confirmed by the OLED
without a chiral dopant via a dissymmetry of the LPPL and
phase retardation. The aligned F8BT emits linearly polarized light
along the rubbing direction and the intensity ratio of the parallel
component to the perpendicular one of the emitted light implies a
degree of linear polarization. From the LPPL spectra in Fig. 2a, the
degree of the linear polarization was evaluated to be 0.88 at 546 nm.
In addition, a birefringence of the aligned F8BT was determined by
the phase retardation of the mesogenic F8BT using the PEM
method, where the intensity ratio of the first and second harmonics
of the transmitted intensity passing though the sample and the PEM
under crossed polarizers determined the phase retardation (see the
ESI+)."® The phase retardation B as a function of the rotation angle 0
with respect to one of the crossed polarizers is measured as shown in
Fig. 2b and fitted by the following equation:*

B(0) = tan™!

2 sin By cos 20
1 — cos40 + cos By(1 + cos 40)
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Fig. 2 (a) LPPL spectra for the OLED sample without the S5011. (b) The
measured phase retardation (symbols) and the least-square-fit (solid line)
as a function of the rotation angle.
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Here, B, (= 2nAnd//) is an effective phase retardation of a thin film
with thickness d and birefringence An at wavelength A. It should
be noted that the phase retardation, induced by the alignment
layer and the TPBi layer, is negligible. The birefringence of the
F8BT was 0.67 at 546 nm. The degree of the linear polarization and
the birefringence are necessary to evaluate the dissymmetry g
factor of the CPEL.

CPEL characteristics

EL spectra, textures, and the corresponding g factors of the
OLEDs with different TPBi thicknesses are depicted in Fig. 3. At
a wavelength of 546 nm, the difference between the intensities
of LHCP and RHCP light first increases, reaches a maximum at
a certain thickness (Fig. 3a and b), and then decreases (Fig. 3c)
with increasing TPBi thickness, which is directly associated
with the dissymmetry g factor as shown in Fig. 3d. It should be
noted that the dissymmetry g factor at 546 nm was determined
using a QWP at 546 nm and the spectrum intensity of the
OLEDs at 546 nm. Here, the upper and lower images in each
graph depict textures under LHCP and RHCP light, respectively.

In Fig. 3c, differing from Fig. 3a and b, a strong emission of
both circular polarizations nearly around 400 nm was observed
and, in addition, an inversion of the CP dissymmetry was
observed between 420 nm and 520 nm. The strong emission
of around 400 nm is attributed to an emission of the TPBi with
a larger bandgap as shown in Fig. 1b, which means that the
dominant emission (electron-hole recombination) zone of the
OLED with a 50 nm TPBi layer is placed within the TPBi layer.
As there was no observation of peak around 400 nm for the
OLEDs with thinner TPBi than 20 nm (observation of the only
F8BT emission), the clear inference is that the emission zone
moves toward the TPBi (or the cathode) from the F8BT layer
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Fig. 3 (a—c) CPEL spectra for the OLED samples with various thicknesses
of the TPBi under a circular polarizer. (d) The dissymmetry g factor at a
wavelength of 546 nm as a function of thickness of the TPBi.
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upon increasing the thickness of the TPBi layer. Since the
LUMO level of the TPBi is greater than that of the F8BT as
shown in Fig. 1b, electron injection is much hindered and the
electron-hole recombination zone will move toward the cathode
at the thicker TPBi layer. It should be noted that the emitted light
from the TPBi layer is randomly polarized due to no observation
of any orientational ordering in the TPBi film. The randomly
polarized TPBi emission exhibits the same intensities for both
LHCP and RHCP light.

The inversion of the CP dissymmetry mainly originated from
the absorption by the F8BT. The emission spectrum of the TPBi
and the absorption spectrum of the F8BT were strongly over-
lapped in the range from 410 nm to 500 nm (see the ESI). The
randomly polarized light emitted from the TPBI is absorbed to
the birefringent medium of the F8BT, and the orthogonal
component of light is propagated to the twisted medium of
the F8BT. As a result, the orthogonal CP light is enhanced in
the range from 410 nm to 500 nm. The subtle difference in
wavelengths between the inversion of the CP dissymmetry and
the absorption of the F8BT would be related to the larger
refractive index of F8BT at a shorter wavelength regime.

As shown in Fig. 3d, the dissymmetry g factor first increases,
reaches a maximum at 20 nm thickness, and then decreases
with increasing TPBi thickness. Based on our previous model,®
the dissymmetry g factor is increased when the emission
(electron-hole recombination) zone moves toward the cathode
(reflector) for these given device parameters (degree of polarization,
birefringence, thickness, total twisted angle, wavelength, etc.). For
TPBi layers thicker than 20 nm, reduction in the g factor is mainly
due to the TPBi emission with random polarization.

Analysis of g factor

To investigate an effect of the emission zone and the randomly
polarized TPBi emission on the g factor, we evaluated the g
factors for different TPBi thicknesses under an optical setup as
shown in Fig. 4a. For the elliptically polarized light generated
from the OLEDs, the intensity I¢ at / = 546 nm (green) as a
function of the rotation angle 6 of a QWP with respect to the
polarizer is expressed by the following equation (see the ESIf):

G
19(0) = Ile‘P[cos2 ${3 + cos(40)} + 2sin® ¢ sin*(20)

— sin(2¢){2sin I sin(20) — cos I sin(40)}] + IS

Here, Ifp and If are the intensities for the polarized FSBT
emission and the total non-polarized emissions of both FSBT
and TPBi at 4 = 546 nm, respectively. It should be noted that
the intensity at 2 = 400 nm is dominant but the intensity at
A =546 nm is still relevant in TPBi emission spectrum (see the
ESIt). Measured intensities at 4 = 546 nm (open circles) and a
fitted result (solid line) for the OLED without the TPBi layer are
shown in Fig. 4b. Here, I consists of the non-polarized FSBT
emission at 4 = 546 nm (I§ ) and the randomly polarized TPBi
emission at A = 546 nm (I7). From the fitted parameters (I5p, I5,
¢, and 9) the dissymmetry factor g can be evaluated (see the
ESIT). As shown in Fig. 4c, the evaluated g factors (open squares)
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Fig. 4 (a) Experimental setup for evaluating the polarization state of
emitted light from the OLEDs, and (b) the measured intensity (symbol)
and the fitted result (solid line) of the OLED sample with zero-thickness
TPBi as a function of the rotation angle of the QWP. (c) The directly
measured g factor (filled circles) and the evaluated g factor (open squares)
from (b), and a ratio of random polarization (filled squares) as a function of
the thickness of the TPBi. (d) Schematic diagram of movement of the
emission zone and the simulated g factor (solid curve) as a function of
thickness of the TPBI. (e) The ratio of random polarization as a function of a
ratio of the intensity at 400 nm to that at 546 nm.

are in good agreement with the measured g factors (filled circles).
Also, a ratio (Ry) of the random polarization considering the
randomly polarized TPBi emission at A = 546 nm is defined by the
following equation:

IN e+ 17

Rn = -
NI IS T IS, T 10y + IS

Ry was evaluated from the fitted parameters for 1°(6) and is
depicted in Fig. 4c (filled squares). The ratio of the random
polarization is dramatically increased for TPBi layers thicker
than 20 nm, where the g factor is decreased (shaded region).
Such an increase in the Ry and decrease in the g factor are due
to the TPBi emission with random polarization as shown in
Fig. 3c. In addition, the increase in the TPBi emission implies
that the emission zone moves toward the TPBi (or the cathode)
from the F8BT layer by increasing the thickness of the
TPBi layer.
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For only F8BT emission, the g factor associated with the
emission zone could be analytically calculated with the device
parameters such as the degree of polarization of the emission,
birefringence, thickness, and total twisted angle of the F8BT
layer based on the Miller matrix analysis for the twisted
birefringent medium (see the ESI}).® Here, light emitted at a
certain position within the EML propagated toward anode and
cathode with the same probability while experiencing the
twisted birefringent medium. The propagated light toward
the cathode was reflected from the cathode and propagated
again while experiencing the entire twisted birefringent medium
in reverse. Finally, the g factor was calculated from the sum of
Stokes parameters for both propagated lights (propagation lights
to anode and cathode). The calculated g factor as a function of
the distance of an emission zone from the TPBi layer and the
schematic diagram of the emission zone for various thicknesses
of the TPBi layer are depicted in Fig. 4d. The emission zone
within the F8BT was estimated by comparing the calculated and
measured g factors. For thicker TPBi cases involving the TPBi
emission, the movement of the emission zone toward the TPBi
layer was confirmed by increasing the peak intensity
(4 =400 nm), which was not observed in the thinner TPBi (pure
F8BT emission). To confirm that the g factor reduction is
attributed to the TPBi emission for thicker TPBi samples, we
investigated the peak intensity (IF) of the TPBi emission at
A =400 nm (blue) as a function of the TPBi thickness. For
normalization of the peak intensity for each sample, a ratio
(Rpeal) of the peak intensity at A = 400 nm to that at 2 = 546 nm
is defined by the following equation:

Rpe = 0
P Ifp +IEN + 1T

Assuming that I§ = aff (« is a constant), that is, the TPBi
emission (I7) at 1 = 546 nm is linearly proportional to the TPBi
emission (I%) at 4 = 400 nm, the random polarization ratio (Ry)
is linearly proportional to the peak intensity ratio (Rpeak)
defined by the following equation:

Ry = OCRpeak + ﬁ

Here, f§ is a constant and means the random polarization ratio
when no TPBi emission occurs. Such linearity is in good
agreement with the experimental results as shown in Fig. 4e.
The parameters of « and f§ were fitted to be 0.158 and 0.059,
respectively. The fitted value f matched well with the results of
Igp and Iy for the thinner TPBi samples (see the ESIf). The
fitted value « = I'Y/I%} is slightly higher than the ratio of peak
intensity at the pure TPBi emission spectrum (see the ESIt) due
to spectrum broadening by stacking the TPBi on the F8BT with
a smaller bandgap.

Conclusions

We investigated the relationship between the g factor and the
position of the emission zone by controlling the thickness of
the TPBi acting as the HBL and the EIH, and analysed the
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Miiller matrix analysis. For the polarized EML emission, the g
factor increased when the emission zone moved toward the
cathode upon increasing the TPBi thickness. However, the TPBi
emission was observed and the g factor was reduced in thicker
TPBi cases. The reduction in the g factor was due to the non-
polarized TPBi emission and was quantitatively expressed with
the ratio of non-polarized intensity to polarized one and the
peak ratio of the emissions at the EML and the TPBi. This
approach opens a new door to improve the g factor (enhance
the OLED luminance in anti-reflection environments) for a
given EML and to directly probe the emission zone with no
additional layer and no performance degradation.
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