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ABSTRACT

Circularly polarized (CP) electroluminescence has been demonstrated as a strategy to improve the
performance of organic light emitting diode (OLED) displays. CP emission can be generated from
both small molecule and polymer OLEDs (SM-OLEDs and PLEDs), but to date, these devices
suffer from low dissymmetry factors (g-factor <0.1), poor device performance, or a combination

of the two. Here, we demonstrate the first CP-PLED employing an inverted device architecture.



Through this approach, we demonstrate a highly efficient CP-PLED, with a current efficiency (CE)
of 16.4 cd/A, a power efficiency (PE) of 16.6 Im/W, a maximum luminance of over 28,500 cd/m?,
and a high EL dissymmetry (gg.) of 0.57. We find that the handedness of the emitted light is
sensitive to the PLED device architecture: the sign of CP-EL from an identically prepared active
layer reverses between inverted and conventional devices. The inverted structure affords the first
demonstration of CP-PLEDs exhibiting both high efficiency and high dissymmetry — the two
figures of merit which, until now, have been difficult to achieve at the same time. We also highlight
device architecture and associated internal electric field to be a previously unexplored means to
control the handedness of CP emission. Our findings significantly broaden the versatility of CP
emissive devices and should enable their further application in a variety of other CP-dependent

technologies.

MANUSCRIPT

INTRODUCTION

State-of-the-art design of organic light-emitting diode (OLED) displays incorporate light
extraction layers capped with a circular polarizer to reduce glare and improve contrast. The

external quantum efficiency (ngqe) of an OLED device can be described as:

MNEQE,Display = ENEQE,Device = EYNIQE (1)

where mqe 1S the internal quantum efficiency influenced by the photoluminescence quantum
efficiency (PLQE, 1), radiative recombination efficiency and spin statistics, y is the out-coupling

efficiency and & refers to the light loss caused by the in-screen circular polarizing filter.!



Strategies to improve the first two factors (1ior and y) have been well studied via (1) molecular
design of emitters (including phosphorescent?> and Thermally Activated Delayed Fluorescence
emitters') and (2) matching the refractive indices of all the constituent layers of a device.* There
has been recent interest in the use of OLEDs which emit circularly polarized (CP) light (CP-
OLEDs) as a means to increase display efficiency by minimizing the light loss caused by the
integrated circular polarizer.*® The experimental dissymmetry (g-factor) of the emitted circularly

polarized light (CPL) is defined as: °
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where subscripts L and R refer to Left-Handed (LH) and Right-Handed (RH) emission,

respectively,* thus ¢ can be derived as a function of g:

11
§=§(§g+1) (3)

Equation 3 indicates that if g = 2.0 (full circular polarization), { = 1, which means that there is no
light loss at the circular polarizer, while if g = 0 (no circular polarization), ¢ = 0.5, which means
the light intensity decreases by 50%; as is the case for all conventional non-CP OLEDs used in

commercial OLED displays.

With the growing interest in CP-OLEDs, several attempts have been made to fabricate devices
using either emissive chiral small molecules (SM-OLEDs)>41%-15 or polymers (PLEDs).!*!° A full
comparison of published CP-OLED performance can be found in Table S1 of the Supporting
Information (SI). Although optimized CP-SM-OLEDs can achieve high device performance (93

cd/A, Wu et al.’®* and 19.52 cd/A, Yan et al.'?), they feature very low dissymmetry, with g-factors



(geL), typically not exceeding 0.1 and being as low as 0.005 (see Table S1 for details). According
to Equation 3, a gg. of 0.1 is equivalent to 5% efficiency improvement, regardless of the type of
emissive species. Alternatively, given the high dissymmetry of lanthanide CP emission (g-factors
typically greater than 1), lanthanide complexes have been considered for CP-SM-OLEDs;
however, such devices exhibit very low device performance, in part due to the weak emission of
lanthanide complexes.® Supramolecular self-assembly of light-emitting polymers (LEPs) in the
solid state is an emerging approach to amplify the chiroptical effects and provide enhanced gg. in
CP-PLEDs *!#8-20 Following early proof-of-concept studies using LEPs with chiral sidechains,!”!-
2 Di Nuzzo et al. recently reported high-dissymmetry CP-PLEDs using a chiral poly(fluorene-alz-
benzothiadiazole) polymer (c-PFBT, with steady-state gg. = 0.6),'8 but the devices reported suffer
from high turn-on voltages (10V at 1cd/m?) and poor device performance (maximum PE of 0.07
Im/W). Our group and others have explored the potential to blend device-optimized achiral
polymers with chiral small-molecule additives.*!*2° Since the first example of a CP-PLED blend
system (poly(9,9-dioctylfluorene-alt-benzothiadiazole [F8BT] + aza[6]H) in 2013 (gr. =0.2),* gr
has been further improved through the use of alternative chiral additives and novel fabrication
steps.!*? Despite their high gg, the efficiency of devices based on achiral polymer — chiral additive
blends is still far below that of their non-CP counterparts. For example, in FSBT CP-PLEDs with
the chiral additive R5011 (gg. = 1.13), CE =4.46 c¢d/A " or aza[6]H (gg. = 1.05) CE =4.00 cd/A 2
whereas non-CP emitting neat FSBT devices (with similar thickness) can achieve efficiencies of
up to 11.8 cd/A, depending on molecular weight and quality of the material 2°2*2¢ To the best our
knowledge, whilst there have been reports of efficient small molecule based devices (Table S1),
there have been no reports of polymer-based devices that achieves both high gp. and high

efficiency 56:10-15



RESULTS AND DISCUSSION

We have previously demonstrated that a strong chiroptical response can be induced in F8BT using
aza[6]H and so selected this polymer blend system for further device optimization.? It is evident
that new approaches are needed to achieve high-performance CP-PLEDs. Conventional OLED
structures with low work function (WF) metal top contacts (e.g. calcium) usually suffer from
degradation caused by the permeation of water and oxygen. With air-stable metal-oxide electron
injection layers and high work function top anode contacts, inverted PLEDs typically show high
stability under ambient conditions***” and extended operational lifetime?®. We use an inverted
device architecture to produce CP-PLEDs with an active layer that contained F8BT with 10 wt%
[M]-aza[6]H (abbreviated as F8BT + 10%[M]) (see Figure 1; The geometries of the measurement
are defined in Figure S1). Alongside the demonstration of a high-performance inverted green-
emitting CP-PLED (16.4 cd/A, 16.6 Im/W), we discover that the handedness of the emitted light
depends on the device architecture. It is worth emphasizing that conventionally, CP emission from
CP-OLED:s is fixed according to the stereochemistry of the chiral material used in active layer,
with only a few exceptions (Table S2). We believe that this work will allow the development of
CP-OLEDs with performances compatible with real-world display technologies, as well as

offering new ways to manipulate the sign and magnitude of CP light in device applications.
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Figure 1. Circular Dichroism spectra of F8BT + 10%[M] films. The active layer is deposited after
the deposition of PEIE modified ZnO on ITO substrates (see Methods section). Film thickness is

140 nm.

Our inverted devices incorporate PEIE (polyethylenimine ethoxylated; Figure S2) modified ZnO,
a solution-processable electron injection layer (EIL)/electron transporting layer (ETL) that is
commonly used in inverted OLED device architectures.?’” The WF and morphology of ZnO and
PEIE modified ZnO were characterized using Kelvin Probe—Atomic Force Microscope (KP—
AFM) measurements (Figure S3). PEIE modified ZnO exhibits a shallower WF (3.75 eV) than
neat ZnO (4.36 eV), as the polyamine groups form molecular dipoles that shift the WF.?”? PEIE
modified ZnO also exhibits a much smoother surface (RMS roughness < 1 nm), which improves
the ease of electron injection into the active layer (F8BT LUMO = 3.3 eV). To establish the impact

of device architecture on performance, we first fabricated a reference non-CP F§BT (100 nm)



inverted PLED (iPLED) (featuring structure ITO/ZnO(/PEIE)/F8BT(100nm)/MoO,/Au; Figure

S4).

We found this reference device to have comparable performance to devices in prior iPLED studies;
with a CE of 6.22 cd/A and maximum luminance = 27,100 cd/m2.2**’ To achieve CP emission,
multi-layer device stacks with achiral polymer — chiral small molecule additive blend active layers
(ITO/ ZnO/ PEIE / F8BT + 10%[M]/ MoO,/ Au) were fabricated. To induce chirality within the
active layer, the devices were annealed (140 °C, 10 minutes) in a nitrogen-filled glovebox.?’ Under
such temperature, the racemization of aza[6]H is negligible (AG = 32.2 kcal/mol, #5140 °c = ~
2.4h).* Consistent with our previous studies, these films show significant circular dichroism (CD
=~ 14,800 mdeg, thickness = 180 nm, g.»s = —1.05) and no obvious changes when flipping or rotating
the sample (Figure 1), suggesting no contribution from linear dichroism (LD) or linear
birefringence (LB).203132 [t is also noteworthy that this result agrees with Mueller matrix
spectroscopic ellipsometry (Figure S17 of Ref?®), which reveal no linear terms in transmission or
reflection. Unfortunately, the inverted CP-PLEDs (iCP-PLEDs) using this device architecture
(ITO/ ZnO/ PEIE / F8BT + 10%[M]/ MoO,/ Au) do not achieve the same device performance as

the non-CP iPLEDs (Figure S4, Table S3).
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Figure 2. (a) Device architecture of the iCP-PLED; (b) J-V-L curves of the iCP-PLED with
varying thicknesses of TCTA interlayer; (¢) Extracted currency efficiency — luminance curve of
(b); (d) Extracted current efficiency (CE) and power efficiency (PE) of (b) as a function of driving

voltage.

To improve the performance of iCP-PLED devices, we investigated the use of a low-cost
sublimable hole transport layer (HTL) 4,4'4"-Tris(carbazol-9-yl)triphenylamine (TCTA; Figure
S2).3* As evident from Figure 2, the thickness of the TCTA layer has a marked impact on device
performance. An active layer thickness of 180 nm was chosen as it demonstrates an excellent CD
signal (Figure 1), as explored in our previous study.?” The shape of the electroluminescence (EL)
spectrum can be impacted by the interlayer thickness in bilayer PLEDs due to the associated

change in reflectance, overall device optics and position of the recombination zone (RZ).** To



minimize these changes, we investigated the device performance of CP-PLEDs with 5 — 40 nm
TCTA HTL (ZnO/PEIE/F8BT+10%[M] (180 nm)/TCTA (of variable thickness)/MoO,/Au; Figure
S5). The thickness range was chosen in order to maintain the EL shape of devices and simplify the
device optics involved in CP-PLED. (Figure S5) The device performance significantly improves
when the TCTA thickness is increased from 5 to 40 nm (Table S4, CE from 0.02 cd/A to 164
cd/A, PE from 0.006 Im/W to 16.6 Im/W and maximum luminance from 192 cd/m? to 28,500
cd/m?), while the turn-on voltage decreases (from 7.4 to 2.3 V). It is interesting to note that with
40 nm TCTA the efficiency roll-off is very low — CE only decreases by 9.4% at 3,000 cd/m?,
16.5% at 5,000 cd/m? and 21.3% at 10,000 cd/m?. As the induced chiroptical response in LEP-
chiral small-molecule films is known to be particularly sensitive to the morphology of the active
layer, we compared Raman (Figure S6) and CD (Figure S7) spectra of FSBT + 10%[M] / TCTA
films, where the thickness of the TCTA layer was varied between 5 and 40 nm. The Raman
spectrum of F8BT contains vibrational modes corresponding to the symmetric stretching of the
aromatic rings in the F8 (9,9-dioctylfluorene, 1609 cm™') and BT (benzothiadiazole, 1545 cm™)
units.*® Relative intensities of the BT and F8 Raman modes can be used to estimate inter-unit
torsion,”*¢ and are unchanged by the presence of the TCTA layer on top (Figure S6). Similarly,
increasing the thickness of TCTA does not impact the intensity or position of the CD peak at
A =490 nm. Although the Cotton band at A = 525 nm is enhanced by 40 nm TCTA (Figure S7),
we do not expect this to significantly impact the emission, as the absorption of the active layer at
A =525 nm is minimal. Whilst TCTA has no obvious impact on the thin-film morphology of F§BT
+ 10%[M], devices incorporating 40 nm TCTA show dramatically enhanced gg. from 0.04
(without TCTA) to 0.57 (see Figure S8 for detailed CP-EL spectra). We attribute this increase in

ge. to the movement of the RZ within the active layer; as the RZ shifts away from the



ITO/ZnO/PEIE side, the emitted light propagates through more of the chiral F8BT medium, which
increases the associated dissymmetry (Table S4).2” Devices were further optimized by adjusting
the thickness of the active layer while keeping the TCTA thickness at 20 nm, which was chosen
as the optimal thickness to enhance device performance without affecting the shape of the EL
spectrum (Figure S8). The optimized devices demonstrate both high device performance and high
grL (14.5 cd/A, 14.2 Im/W;; Figure S9). To the best of our knowledge, these devices represent the
first example of CP-OLEDs where there is no longer a trade-off between CP emission and device

efficiency.!8-2037

To evaluate whether the aza[6]H acts as a PL quencher under 469 nm excitation, we have
compared the PLQE of FSBT and F8BT + 10%[M] films before and after thermal annealing (Table
S6).3638 In the case of as-cast films (175 nm), FSBT + 10%[M] shows a slightly higher PLQE than
neat F8BT (26.5 + 3.6% vs. 22.3 + 2.8%). After annealing, the PLQE of both films increases to

473 £4.8% (F8BT + 10%[M]) and 38.1 + 3.1% (neat F8BT), respectively.

In terms of the active layer electronic energy levels, aza[6]H (HOMO = 5.4 eV)*# may act as a
hole trap when blended with F8BT (HOMO = 5.8 eV), while its high-lying LUMO level is
expected to have negligible impact on the electron mobility.?’ To establish the influence of aza[6]H
on charge carrier mobility, we investigated charge transport in conventional single-carrier devices
20, We found that 10 wt% aza[6]H does not strongly affect the electron current and only slightly
reduces the hole current of the active layer.”® The extraction of charge mobility using analytical
expressions such as Mott—Gurney law and its derivatives from space-charge-limited current
(SCLC) curves relies on several assumptions, including (1) Ohmic contacts, (2) absence of trap

states and (3) negligible voltage drop across interlayers facilitating carrier injection.*' Thus, we

10



did not try and extract exact mobility values from the single-carrier measurements due to the

inherent uncertainties in this approach (Ref*? and references therein).

We performed current-voltage measurements on single-carrier iCP-PLED devices with and
without the TCTA layer (Figure S10). Without the TCTA hole-transport layer, the hole current
density (J,) is of ~2 orders of magnitude higher than the electron current density (J/,) (J,/J, = 52.6,
Table S5), which indicates that most holes flow through the device without recombining with
electrons. In the high-bias regime the insertion of the TCTA layer decreased the electron current
density by a factor of 4, but the hole current density by almost 2 orders of magnitude. We conclude
that the TCTA layer not only blocks electrons, but dramatically reduces the flow of holes. This
greatly improves the current balance and pushes the RZ towards the blend layer/TCTA interface
(Jo/J, =43, Table S5). By blocking the movement of electrons by the energy step at this interface,
TCTA acts to improve the recombination rate while also suppressing non-radiative surface
recombination of excitons at the anode. Taken together, these results indicate that the increased
PLQE, improved current balance and shifted RZ all played a role in increasing the efficiency of

the iCP-OLEDs (Figure S11).

To better understand the vertical composition of the active layer, we made use of surface enhanced
Raman spectroscopy (SERS) (Figure S12). By comparing the Raman spectrum (with A= 633 nm)
of as-cast and thermally annealed F8BT + 10%[M] films deposited on top of (a) bare quartz and
(b) a layer of evaporated gold, it is possible to compare the molecular packing in the bulk of the
film with that close to the buried interface.* This additional sensitivity is achieved because in
SERS the Raman vibrational modes of molecules close to a rough gold interface are significantly

enhanced. Whilst several of the aza[6]H and FSBT modes overlap (Figure S12), the Raman peak

11



at 1360 cm! is dominated by contributions from aza[6]H.?° Even before the films are annealed, the
increase in this mode (1360 cm™) at the buried interface (on gold) as opposed to the bulk (on
quartz) indicates that the aza[6]H molecules tend to migrate to the bottom of the film during the
solidification process of thin-film spin coating. The intensity of this peak increases dramatically
after annealing, which, combined with the absence of any evidence of aza[6]H in the CD spectra,
implies that the aza[6]H phase separates from the polymer active layer during the annealing
process.?’In iCP-PLEDs, the shift of the RZ toward the TCTA/active layer interface, away from

the region where in which aza[6]H aggregates, improves device performance.

Figure 3 summarizes possible mechanisms that may explain the improved device performance in
i1CP-PLEDs. Although F8BT PLEDs usually result in a higher EQE due to their additional singlet
exciton formation pathways (i.e. triplet-triplet annihilation and delayed fluorescence), device
architecture and carrier balance can also play a role.** In conventional (i.e. non-inverted) cCP-
PLEDs based on F8BT + 10% aza[6]H,* aza[6]H acts as a hole trap as it aggregates close to the
hole injection interface. As a result, a high turn-on voltage is required to shift holes from the
HOMO of aza[6]H into the deeper HOMO of F8BT .’ In the iCP-PLEDs without HTLs (TCTA),
where hole injection is from the MoO,/Au side as opposed to the ITO side, holes are directly
injected into the F8BT, but trapped by the aza[6]H as they transit towards the ZnO/PEIE. TCTA
shifts the RZ away from the ZnO/PEIE, which reduces trapping and non-radiative recombination,
and, in turn, enhances excitonic recombination in the highly emissive chiral polymer layer.
Without efficiency loss caused by the aza[6]H traps, the optimized devices exhibit excellent

performance as previously reported by other groups.*#¢
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Figure 3. Proposed emission mechanisms for (a) cCP-PLED and (b) iCP-PLEDs. RZ is shifted

by inserting TCTA layer.

Perhaps most remarkably, we find that the chiroptical properties of the CP-PLEDs are sensitive to
both the device geometry and active layer thickness (Figures 4 and S13). With a fixed active layer
(F8BT + 10% [P]-aza[6]H, 150 nm), the cCP-PLED shows a gg; of +0.48, whilst the iCP-PLED
shows an inverted gg of —0.37 (with 20 nm TCTA). To explore origins of this intriguing
observation, we investigated identical films of F8BT + 10%[M] on poly(34-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and PEIE modified ZnO using CD
(Figure S14), Raman (Figure S15), and CP-PL (Figure S16) spectroscopies. We find no evidence

of changes in molecular conformation, or the strength of the chiroptical effect, irrespective of the
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interlayers used, indicating that ZnO/ PEIE neither alters the active layer morphology nor impacts
the mechanism of chiral induction in blend films. As such, these findings suggest that the change
in the sign of luminescence dissymmetry depending on device structure may only be occurring

due to the electronic generation of excitons.
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Figure 4. Device architecture and energy level diagrams of (a) cCP-PLED and (b) iCP-PLED with
identical active layer of annealed F8BT + 10%[P] (150 nm). All energy levels quoted are prior to

layers being stacked altogether, and hence sharing a same vacuum level. Note the opposite

handedness of CP-EL.

As the electric field across the emissive layer is in opposite directions in cCP-PLED and iCP-

PLEDs, we considered whether the strength and direction of the electric field could impact the
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chiroptical effect. To explore this, we performed bias-dependent CP-PL of ITO/F8BT +
10%[M]/Au measurements, with the ITO contact held at ground while changing the bias potential
at the Au contact. The CP-PL remains the same handedness when the optically excited film is
scanned from a negative to a positive bias (Figure S18). Similar to our previous observations for
cCP-PLEDs”® gg remains constant in iCP-PLEDs, irrespective of the current density that is
applied. This implies that the electric field strength only impacts the luminance of our devices, not

the handedness of the emitted light (Figure S17).

Electrically switchable CP-EL is a rarely observed optical phenomenon, and has only been
reported in two-dimensional inorganic materials (WSe,) at ultra-low temperatures (< 40 K)*'.
Otherwise, the generation of opposite handed CP emission has relied on mechanically rotating
optical filters or the use of ferromagnetic layers and an external magnetic field. We believe that
chiral organic systems, such as the one reported here, may have the potential for the development
of electrically switchable CP light emitting devices without demanding experimental requirements

(e.g. low temperature, external magnetic field and optics)*®

This observation of electrically switchable CP-EL emphasizes the need to take the electric field
into consideration when analyzing CP-PLEDs and related devices. Whilst it provides a new and
unparalleled opportunity to control the handedness of emitted light, elucidation of the precise
mechanisms that underpin this observation are beyond the scope of this study. Besides the chiral
medium effect that has been discussed previously,” spin splitting mechanisms (e.g. Rashba-type*
| Zeeman-type splitting®) might also contribute to the inversion of gg.. These have been
demonstrated in previously reported chiral perovskite systems, where imbalanced exciton
formation with opposite spin can result in opposite handedness of CP emission.*=! Although the

classic Rashba-type splitting requires spin-orbit coupling assisted by heavy metal atoms, similar
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spin-orbit coupling has been proposed to give rise to the Chirality Induced Spin Selectivity (CISS)
effect in several chiral organic systems*. Such spin-orbit coupling could then drive a spin splitting
effect in our organic system that is similar to the Rashba-type splitting effect.* Our study
emphasizes the need to develop more sophisticated models to explain CP-EL from c¢CP-PLEDs,

iCP-PLEDs and related devices.

CONCLUSIONS

Through detailed consideration of how to optimize the device performance of our CP blend
materials, we have demonstrated highly efficient iCP-OLEDs (typical PE = 16.6 Im/W) with a
strong CP emissive dissymmetry (gg. = 0.57). While the chiral small-molecule additive aza[6]H is
an efficient, yet simple way to induce strong chiroptical effects in F8BT,*? it is shown to aggregate
at the HTL—-active layer interface, which may compromise device performance in cCP-OLEDs.
The inverted device geometry, and incorporation of a TCTA layer, circumvent this problem, and
lead to balanced charge carrier injection, less carrier trapping, which in turn optimizes the location
of the recombination zone within the active layer to minimize unfavored non-radiative decay
pathways. Additionally, we report an interesting chiroptical phenomenon, where choice of device
architecture alone can completely invert the sign of CP-EL. Our approach represents the first
demonstration of CP-OLEDs with device performance progressing towards the needs of real-world

CP-dependent technologies and applications including highly efficient (CP-) OLED displays.

Experimental Section

Aza[6]H was prepared as previously reported and separated using preparative chiral HPLC.*
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Solution Preparation and thin film deposition: FSBT (M, = 31K, Cambridge Display
Technology Ltd.) was dissolved with a fixed ratio of aza[6]H (10 wt%) in toluene to form 35
mg/mL solution. Thickness of the thin films was controlled by spin speed (1200-5000 rpm) and
measured using a Dektak XT surface profiler.). All annealed samples were annealed for 10 min

under nitrogen atmosphere (glovebox, H,O < 0.1 ppm, O, < 0.1 ppm).

OLED Fabrication and Characterization: Prepatterned ITO substrates were rinsed in an
ultrasonic bath with acetone, isopropyl alcohol (IPA) (Sigma Aldrich) and Hellmanex III (Hellma
GmbH) and deionized water before deposition of top layers. The ZnO is deposited on the cleaned
ITO by a sol-gel method which has been described elsewhere followed by a PEIE (30 wt% in
water, Sigma Aldrich) rinsing step. Then, aza[6]helicene blended F8BT was spin-coated onto
ZnO/PEIE. Afterwards, TCTA (97% Sigma Aldrich), MoO, (99.97%, Sigma Aldrich) and Au
(99.99%, Kurt J. Lesker Company Ltd.) were thermally evaporated onto the organic layer under
vacuum level of ~5x107 mbar. J-V-L characterization (pixel area = 0.045 cm?) was performed
using a Keithley 2400 and Konica Minolta LS-110 Luminance Meter. PLED emission profile was
assumed to be Lambertian. EL spectra were measured using an Ocean Optics USB 2000 charge-

coupled device spectrophotometer.

Photophysical and Morphological Characterization: Absorption and PL spectra of the blends
at various thickness were measured by a Cary 300 UV-Vis spectrometer (Agilent Technologies)
and an FLS 1000 (Edinburgh Instruments), respectively. Raman Spectroscopy was performed
using a Renishaw inVia Raman microscope, which was calibrated using the silicon Raman band
at 520.5 cm™'. The laser spot size was 1 um?, and the excitation wavelength was 633 nm for a 20 s
accumulation time. PLQE is measured from a FluoroMax 3 fluorospectrometer and analyzed using

the method described by Ahn et al.*®
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Circular Dichroism, CP-EL and CP-PL: The raw Circular Dichroism data were collected using
a Chirascan (Applied Photophysics) instrument. Left-handed and right-handed CP emission
spectra from the blended thin films were collected using a linear polarizer and quarter-wave plate
prior to an FLS 1000 spectrometer. Both excitation beam and the detector are at a 45 degree to the
film and Figure S1 defines CD and CP-PL measurement with different film orientations. The
dissymmetry factor g in the CP-PL spectra was calculated from the equation g = 2(I, — Ir)/(IL +
Ir), Igl = 2. I, and I are the left-handed and right-handed emission intensities, respectively. A
similar method was used to analyze the CP-EL spectra. EL spectra from the PLED were recorded
using an Ocean Optics USB 2000 charge-coupled spectrophotometer. All CP-EL measurements
are carried out after measuring with only a linear polarizer to ensure negligible linear polarization

or random polarization which affects the accuracy of circular polarization measurement.
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