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The photon spininformation encoded in circularly polarized (CP) light is

of highinterest for current and future technologies, including low-power
displays, encrypted communications and high-performance quantum
applications. Engineering organic light-emitting diodes (LED) to emit
oppositely handed electroluminescent CP light typically requires access
to left-and right-handed chiral molecules. In conjugated polymer LEDs,
the handedness of CP electroluminescence also depends on the active-layer
thickness or direction of current flow. For agiven active-layer thickness,
itremains unknown whether a single-handed chiral material can emit
CPlight with opposite handednessin the same LED architecture. Here

we demonstrate organic LEDs in which the handedness of the emitted

CP electroluminescence can be controlled electrically, solely by using
specificinterlayers with no change in the emissive material composition or
thickness. We reveal that this occurs due to a change in mechanism for the
generation of CP electroluminescence, as afunction of the recombination
zone position within the device. This result provides a paradigm shiftin the
realization of organic CP-LEDs with controllable spin angular momentum
information and further contributes to ongoing discussions relating the
fundamental physics of chiral optoelectronics.

Chiralityisthe property of an object withbroken inversion and mirror
symmetry, resulting in a pair of non-superimposable mirror image
forms. In chemistry, each non-superimposable mirrorimage of a chiral
molecule is called an enantiomer’. Chiral materials can absorb, emit
andrefract circularly polarized light (CPL), whichis light with a defined
spinangular momentum (SAM). SAM s the intrinsic angular momen-
tum associated to a polarized photon, with a quantized value of 7
per photon, corresponding to left- or right-handed circular polariza-
tion. Chiral organic semiconductors have recently attracted much
interest as the emissive layer in circularly polarized light-emitting
diodes (CP-LEDs)**. Partly due to the encoded SAM, CP-LEDs will

enable multiple technological advances, from the generation of
more energy-efficient display technologies to highly precise sensors
to devices for quantum information processing and holography*>.
When dealing with thin films of organic emissive chiral mate-
rials, the emitted CPL typically occurs through either the intrinsic
chiroptical behaviour of the material*®’—the so-called natural opti-
cal activity®—or from the selective reflection or birefringence of CPL’
due to the structural chirality of the film'°""2. Regardless of which of
these mechanisms is operative, the handedness of the emitted CPL
from organic chiral materials correlates to the handedness of the
enantiomer of the emissive layer: one enantiomeric emitter gives a
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Fig.1|Structure, chiroptical and optoelectronic properties of chiral polymer
blends. a, Structure and energy levels of polymer system (F8BT) and chiral
additives (aza[6]H or monoF[6]H). b, Dissymmetry factor of F8BT:(P)-aza[6]H
and F8BT:(P)-monoF[6]H thin films (160 nm), annealed at140 °C.c,/-V-L
characteristics of conventional CP-OLEDs based on F8BT:(P)-aza[6]H/(P)-monoF[6]H,
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with or without TFB as the HTL. d,/-V-L characteristics of inverted CP-OLEDs
based on F8BT:(P)-aza[6]H/(P)-monoF[6]H, with or without TCTA asthe HTL.
Voltage-current density curves are shown as solid lines, and voltage-luminance
curves are shown as dashed lines.

CPL of one preferred handedness, whereas the other enantiomer gives
equal-magnitude CPL of the opposite handedness®. Whenreferring to
the emission froma CP-LED, we term this as normal circularly polarized
electroluminescence (NCPE).

One of the most successful approaches to realize high circularly
polarized electroluminescence (CP-EL) in CP organic light-emitting
diodes (OLEDs) has been the use of polymeric thin-film blend mate-
rials, where an achiral conjugated polymer is blended with a chiral
small-molecule additive'". We have found the helical small-molecule
(P)-aza[6]helicene (aza[6]H; Fig.1a) to be a particularly useful additive
to produce films with very high chiroptical activity'. While optimizing
aza[6]H:polymer blends to improve CP-OLED device efficiencies'®”, we
discovered a distinct CP-EL mechanism, where the handedness of the
CPL emitted inverts as a function of the device architecture (conven-
tional versus inverted) or the emission direction (front or back of the
device). This anomalous CP-EL (ACPE)'® was found to correlate to the
directionality of current flow inthe device, and was assigned toinduced
orbital angular momentum (OAM) in the charge carriers, with subse-
quent transfer to the SAM of the emitted photons. Importantly, ACPE
apparently overrode the NCPE of the chiral emissive material. Further
details onthese mechanisms are provided in Supplementary Note 1.

The interplay between NCPE and ACPE in chiral polymer LEDs
remains unclear. From a practical standpoint, exploiting NCPE
requires the use of both enantiomers in separate devices to access
opposite-handed CPL. Conversely, ACPE requires the use of two dif-
ferent device architectures. It would be a notable advance to be able
toaccess both handedness of CPL from the same enantiomer material
in the same device architecture. Here we realize such a goal, dem-
onstrating how CPL handedness can be electrically controlled in a
chiral polymer-based CP-OLED. Switching between NCPE and ACPE

is achieved by controlling the charge injection and charge balance
through the use of interlayers, and is enabled by a newly developed
chiral additive, amonofluorinated [6]helicene ((P)-monoF[6]helicene
(monoF[6]H); Fig.1a). NCPE occurs withbalanced charge transportin
the emissive layer when the recombination zone (RZ) is located in the
centre of the device andisindependent of the device architecture (that
is, conventional or inverted). ACPE occurs with unbalanced charge
transportinthe emissivelayer whenthe RZislocated close to one of the
transportlayers (Fig.1c). Tothe best of our knowledge, such electrical
control of CP-EL has only previously been observed in inorganic mate-
rials' and in different device configurations (namely, light-emitting
transistors). As such, we believe the learnings in this work will enable
wholly new directions and progress of CP-OLED device technologies
with controllable SAM and contributing to the ongoing studies of
chirality-dependent optoelectronic physics®.

Results

Althoughaza[6]H has proved to be auseful additive to generate blend
polymer films with large chiroptical activity, the optoelectronic
performance of poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT):aza[6]H materials are hindered by the shallower highest occu-
pied molecular orbital of aza[6]H (5.4 eV) compared with the highest
occupied molecular orbital of F8BT (5.8 eV; Supplementary Fig. 10
and Supplementary Table 1). This results in aza[6]H acting as a hole
trap inthe blend, which decreases the device performance and limits
thetype of device configurations that canbe used for working OLEDs.
Toaddress thisissue, we developed fluorine-substituted monoF[6]H,
achiral additive with a deeper highest occupied molecular orbital
(5.8 eV) than its aza[6]H counterpart (Supplementary Figs. 1-8), to
reduce hole trapping in polymer blends (Fig. 1a). When blended with
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F8BT at the same concentration (10 wt%) and processing conditions
(160 nmthickness), both aza[6]H and monoF[6]H induce a chiral phase
in the polymeric film. Annealed blends of (P)-aza[6]H give a dissym-
metry factor of lower energy (1=491 nm) transition of g,,, = 0.65 (CD
0f 18,200 mdeg), whereas blends of (P)-monoF[6]H have a slightly
lower but still substantial dissymmetry factor of g,,, = 0.42 (CD of
12,000 mdeg; Fig. 1b and Supplementary Fig.11). The CD of these films
contains negligible contributions from linear dichroism and linear
birefringence, with no CD sign inversion on rotation or flipping of the
samples (Supplementary Figs. 13 and 14). This was further confirmed by
Mueller matrix polarimetry (MMP) data showing that the CD elements
m,, and my; are symmetric whereas circular birefringence elements
m,, and m,, are antisymmetric (Supplementary Figs.15and 16), which
is consistent with prior studies on aza[6]H (ref. 8). This excludes any
structural contributions to CPL, with the high chiroptical activity being
attributed to the strong excitonic coupling between polymer-chain
chromophores?. When optically excited, no change in the emitted
CPL handednessis observed foragiven enantiomer, regardless of the
excitation geometry (Supplementary Figs. 18 and 19).

Conventional and inverted devices were fabricated with the
same emissive layer thickness (160 nm). Conventional CP-OLEDs
(Fig. 1c) of F8BT:(P)-aza[6]H blends with poly(9,9-dioctylfluor
ene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) as an addi-
tional hole transport layer (HTL) had lower efficiencies and higher
turn-on voltages compared with F8BT:(P)-monoF[6]H-based devices
(Supplementary Figs. 20 and 21). Furthermore, although the HTL is
required to realize working CP-OLEDs for F8BT:(P)-aza[6]H blends,
devices using F8BT:(P)-monoF[6]H can be fabricated HTL-free and
maintain lower turn-on voltages compared with CP-OLEDs with
aza[6]H (Supplementary Table 2). Inverted CP-OLEDs for all con-
ditions (Fig. 1d) show higher device efficiencies compared with
the conventional architecture (Supplementary Figs. 22 and 23).
Consistent with conventional devices, inverted devices using
F8BT:(P)-aza[6]H require (tris(4-carbazoyl-9-ylphenyl)amine) (TCTA)
asanHTL, whereas F8BT:(P)-monoF[6]H-based CP-OLEDs can operate
without an HTL. Inverted monoF[6]H-based CP-OLEDs demon-
strate high efficiencies and, for HTL-free devices, very low efficiency
roll-off (Supplementary Fig. 23 and Supplementary Table 2). The supe-
rior performance of CP-OLEDs incorporating F8BT:(P)-monoF[6]H
confirms that the new chiral additive reduces the trapping caused
by aza[6]H.

The lower density of trap states in FSBT:monoF[6]H blends is
also supported by hole transport measurements via the space-
charge-limited current method (Supplementary Figs. 24 and 25 and
Supplementary Table 3). Almost three orders of magnitude difference
inthe hole mobility was observed in comparing blends of monoF[6]H
and aza[6]H, with higher hole trap densities in aza[6]H blends. Mobil-
ity measurements of bilayers including an HTL reveal that for aza[6]
Hblends, the HTL improves hole mobility, whereas for monoF[6]H, it
limits the injection of holes, pinning the RZ close to the anode in both
cases. No differencesinelectrontransport properties of the two addi-
tives were observed, even when measured in bilayers withan electron
transportlayer (Supplementary Fig. 25b and Supplementary Table 3).
These measurements, performed using the same device stack as the
respective CP-OLEDs, reveal that (1) in devices (conventional and
inverted) withanHTL, theRZ is pinned nearthe HTL interface and (2) in
HTL-free devices, the RZ islocated closer to the centre of the stack due
to balanced charge carrier injection and transport. This is consistent
with the measured efficiency roll-off: efficiency roll-offis minimized in
HTL-free devices due to the more balanced charge recombinationand
reduced quenching (Supplementary Fig. 27). Stability measurements
further support this analysis, with conventional and inverted HTL-free
devices showing improved stability compared with counterparts with
anHTL (Supplementary Fig. 28). Capacitance-voltage (CV) and capaci-
tance-frequency (CF) measurements indicate that devices with HTLs

suffer from charge accumulation and capacitance build-up due to the
unbalanced charge carrier mobility and the pinned RZ closeto the HTL.
Specifically, HTL-free devices feature asharp drop in capacitance after
turning onin CV measurements, whereas devices withan HTL feature
a capacitance build-up (Supplementary Fig. 29). CF measurements,
carried out after device turnon, also feature a higher capacitance at low
frequencies in HTL-free devices (Supplementary Fig. 30). Both these
characterizations demonstrate charge accumulation and capacitance
build-up due to unbalanced charge carrier mobility and support the
location of the RZ near the interface with the HTL.

Enabled by the discovery of a chiral polymeric material with
improved hole mobility, it was found that the handedness of CP-EL
could be controlled through the use of conventional and inverted
F8BT:(P)-monoF[6]H CP-OLEDs, with or without HTLs (Fig. 2). Without
an HTL (Fig. 2a,b), the RZ of OLEDs using F8BT:(P)-monoF[6]H is in
the middle of the active layer. The measured CP-EL retains the same
handedness irrespective of the device architecture (preferentially
left handed for the P enantiomer of monoF[6]H, g, cony =+0.10 and
S = 10.13). This is the same handedness as optically pumped CP
photoluminescence (gy, =+0.24). Together with the fact that the hand-
edness of CPL cannot be inverted by changing the current flow direc-
tion, this suggests NCPE for F8BT:(P)-monoF[6]H CP-OLEDs without an
HTL (Supplementary Figs. 33 and 35). Consistent with this assignment,
measurements on semitransparent devices show the same magnitude
and handedness of CP-EL regardless of the measurement direction:
im0 = 10.12and g, » = +0.10 in the case of conventional semitranspar-
entdevices (Supplementary Fig.33) and gg, ;70 = +0.12and g, ,, = +0.10
forinverted semitransparent devices (Supplementary Fig.35). Thisis
also consistent with the handedness of CPL emitted from thin films
on optical excitation at different geometries. NCPE restricts the total
gy of the device: the back electrode changes the phase of polariza-
tion, reversing its handedness and partially cancelling CPL emitted
towards the transparentelectrode (g;, <gp ). Thesmalldifferencesingy,
between conventional and inverted devices can be attributed to opti-
callosses due to the attenuation of CPL propagating inside the device
(Supplementary Note 3). For the same reason, the sum of g;, obtained
from semitransparent devices does not match the g;, measured in
devices with highly reflective electrodes.

In conventional devices with an HTL, the handedness of
CP-EL inverts compared with devices without the HTL (Fig. 2c) and
right-handed emissionis preferred for the Penantiomer of monoF[6]H
(8e cony = —0.40). By contrast, left-handed emission is still preferred for
the Penantiomer of monoF[6]H when used ininverted devices withan
HTL (gg v = +0.38; Fig. 2d). As such, the handedness of CPL is clearly
inverted by changing the current flow direction for F8BT:(P)-monoF[6]H
CP-OLEDs with an HTL, suggesting ACPE. Measurements using semi-
transparent devices showed that conventional devices with a TFB
HTL gave opposite-handed CP-EL as a function of emission direc-
tion (gg ;10 = —0.22 and gi 4 = +0.23; Supplementary Fig. 34). Invert-
ing the device structure when using TCTA as an HTL also results in
opposite-handed CP-EL, but withthe absolute handednessinvertedrel-
ativeto conventional deviceswithanHTL (g ;7o = 0.33 and gg,_ 4, =—0.27;
Supplementary Fig. 36). The emission of CPL is non-reciprocal: CPL
emitted towards the top electrode inverts handedness, partially com-
bining with CPL emitted towards theITO and increasing the measured
Zr.. This overcomes the theoretical limit of devices with only NCPE
(g > gp1)- Supplementary Fig. 37 evaluates theimpact of HTL thickness
ininverted devices, where the HTL is evaporated rather than solution
processed. It is clear that the HTL thickness does not impact |gy, |, but
it doesimpact the EL lineshape due to cavity effects®.

Insummary, theelectrical control of CP-EL handednessis observed
simply through the addition or omission of an HTL within the device
stack. Devices withoutan HTL show NCPE, whereas devices withan HTL
show APCE. Inallthe devices (thatis, with ACPE and NCPE), g;, isinde-
pendent of current density, whichis consistent with previous resultsin
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and CP-EL characteristic of HTL-free inverted CP-OLEDs. ¢, Device architecture
(ITO/PEDOT:PSS/TFB/FSBT:monoF[6]H/TPBi/Ca/Al) and CP-EL characteristics of
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conventional devices, with TFB as the HTL d, Device architecture (ITO/ZnO/PEIE/
F8BT:monoF[6]H/TCTA/MoO,/Au) and CP-EL characteristics of conventional
devices, with TCTA as the HTL. The thickness of all emissive layers is 160 nm. /,,
intensity of left-handed (LH) light; I, intensity of right-handed (RH) light.

chiral polymer blends (Supplementary Fig. 38). Although the absolute
g valuesachievedin this work are not the highest reported so far, they
remain among the highest in the field. This impressive performance
is accompanied by the first demonstration of electrical control over
the emission mechanism (Supplementary Table 5), achieved through
careful material and device design.

Discussion

We suggest that the measured CP-EL from CP-OLEDs using our chiral
blend materials can be described with contributions from both ACPE
and NCPE™:

I, — Iy = ACPE + NCPE.

According to our previous theory and quantitative analysis of
ACPE®™, directional charge transport through chiral emissive layers
induces OAM in CP-OLEDs****, We ignore the SAM of charge carriers
because of negligible spin-orbital coupling in these organic polymers.
There is a finite OAM transfer (Al = [, — [;;) from charge carriers to
photons during the electron-hole recombination process (Supple-
mentary Note 2) and a given photon with finite Al exhibits opposite
handedness if it is emitted in opposite directions. Reversing the cur-
rent directionality changes the sign of [, (/) due to the orbital-
momentum locking in chiral materials'®*, and therefore, conventional
andinverted devices emit CP-EL with opposite handedness. Through
this mechanism, ACPE rationalizes the device-architecture-dependent
CP-ELhandednessin our devices thatcontainan HTL. WhenanHTL s
used in conventional (HTL = TFB) or inverted (HTL = TCTA) devices,
chargetransportinthe emissive layerisunbalanced towards electrons,
pinning the RZ of the device to the HTL interface near the anode.
Electrons injected from the cathode travel towards the HTL through
the chiral active layer, recombining with holes at the interface. Assuch,
in the presence of an HTL, electrons travel through the chiral active
layer and gain OAM [, whereas holes travel through the achiral HTL
and develop zero OAM ([;, = 0). The finite OAM (Al = [,) developed
through the electron flow leads to ACPE, which overrides any NCPE in
the system.

In devices withoutan HTL, charge injection and the transport of
electrons and holes are balanced, and the RZ is in the centre of the
active layer (Fig. 3a). Inversion of CP-EL handedness is not observed
when switching the current direction or as a function of emission
direction. The handedness of emitted light is the same as optically
pumped CPL emission. In this balanced scenario, electrons and holes
carry similar finite OAM ([, ~ [,); therefore, Al ~ O, which suppresses
ACPE. As such, only NCPE is observed. Thus, through adjusting the
position of the RZ within a CP-OLED device using these materials, it is
possible to tune the contribution of ACPE versus NCPE and, in turn,
control the handedness of CP-EL for a fixed enantiomer of the
emissive material.

The control of ACPE and NCPE in OLEDs requires a careful design
of materials and devices. Materials capable of ACPE demonstrate a
helical electrondistribution such that the movement of charge carriers
induces an OAM that is transferred to SAM in the emitted light. In the
achiralluminescent polymer-chiral additive blend system considered
here, twisted polymer backbones generate the appropriate topological
electroniclandscape. The additive should be designed such thatitcan
inducea chiral phase and maintain the charge carrier properties of the
achiral luminescent polymer. ACPE requires unbalanced, ambipolar
charge transportin the emissive layer, which confines the RZ to a nar-
rowregion and pins the RZ position close to one of the electrodes. The
RZ positionis best controlled when the energy levels of the transport
layer matchthose of the emissive layer, and requires selecting transport
layers with a tuneable charge mobility.

Summary

We have demonstrated that CP-EL handedness from a chiral poly-
mer LED can be controlled electrically by tuning the charge carrier
mobility and the RZ position, without changing the handedness or
composition of the active layer. CPL emission in CP-OLEDs does not
simply originate from the same mechanism of optically excited
transitions (NCPE). The origin of this effect appears to be adjusting
the interplay of NCPE versus ACPE through adjusting the balance of
induced OAM inelectrons versus holes. Ona practical level, this strat-
egy provides a simple means to access CP-OLEDs with high levels of
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Fig.3|Mechanisms inducing NCPE or ACPE. a, NCPE occurs when there is
balanced charge transportin the device through the omission of an HTL.

b,c, ACPE occurs when charge transport is unbalanced towards electron
transport through the addition of an HTL. For conventional devices, the RZ is
closeto the front electrode (b), whereas for inverted devices, the RZ is close to
the back electrode (c). The positioning of the RZ controls the handedness of the
ACPE through oppositely induced OAM.

CP-EL, where left- or right-handed CP-EL is available from a single
emissive enantiomer.

Notable advances in the asymmetric synthesis of helicenes
means thatitisincreasingly simple to synthesize asingle-enantiomer

25

chiral additive. If a single-enantiomer additive can be used to gener-
ate CP-OLEDs of either CP-EL handedness, this new CP-OLED strategy
avoids theneed forlaborious and poorly scalable separation of racemic
chiral additives into their separate enantiomers for CP-OLED usage.
Thus, this approach provides a paradigm shift in the realization of
organic CP-LEDs with controllable SAM information, which should
enable many of the promised applications, from display technolo-
gies to quantum information systems. On a fundamental level, this
study provides further evidence of the rich physics at play in chiral
optoelectronic systems and suggests ameans to controlinduced OAM
in charge carriers within chiral semiconducting materials. Combi-
ning ACPE with other strategies, such as multilayer OLEDs or chiral
microcavities®, could also enable new ways to boost the dissymmetric
response of CP-LEDs. There continues to be high interest in the inter-
play of chirality, charge and spin, including through the expanding
studies concerning chiral-induced spin selectivity*’, and this study
provides further materials and device frameworks for the characteriza-
tion of these phenomena.
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Methods

Materials

Aza[6]H was synthesized according to a previous report*, and
monoF[6]Haccording tothe synthesis procedureinthe Supplementary
Information and separated using preparative chiral high-performance
liquid chromatography. F8BT and TFB were provided by Cambridge
Display Technology. 2,2,2”-(1,3,5-Benzinetriyl)-tris(1-phenyl-1H-
benzimidazole) (TPBi) and TCTA were provided by Ossila.

Thin film and device fabrication

All the substrates were cleaned via subsequent sonication for 10 min
in deionized water, acetone and isopropanol, followed by 7 min of
oxygen-plasma treatment. F8BT and (P)-aza[6]helicene (aza[6]H)
or (P)-4-fluoro[6]helicene (monoF[6]H) were dissolved in toluene at
30 mg ml™ and blended to form a solution with 10% of chiral dopant.
F8BT-chiral additive active layer blends were spin coated at different
spinspeeds (1,500-3,000 rpm) for 1 minto control the active-layer film
thickness and annealed for 10 minin anitrogen atmosphere (<0.1-ppm
H,0 and <0.1-ppm 0,) at 140 °C. The film thickness was measured using
aDektak profilometer.

Hole-only devices for charge carrier mobilities were built on pre-
patterned ITO glass (120 nm, 10 Q). Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) was spin coated to achieve a
50-nm-thick film. If used, TFB was spin coated at 1,000 rpm for 1 min
and annealed for crosslinking. The F8BT-chiral inducer active layer
blend was then spin coated following the same procedure for thin films.
Ifincluded, TCTA was evaporated with a thickness of 25 nm. Finally,
10 nm of MoO, and 80 nm of Au were thermally evaporated, defining
adevice area of 0.045 cm’.

Electron-only devices for charge carrier mobilities were built on
Al-prepatterned glass. The F8BT-chiral inducer active layer blend was
then spin coated at 2,000 rpm following the same procedure for thin
films. Further, ifincluded in the device, 10 nm of TPBi was thermally
evaporated. Finally, 10 nm of Caand 100 nm of Alwere thermally evapo-
rated, defining a device area of 0.045 cm*

Conventional OLEDs were fabricated on prepatterned ITO glass
(120 nm, 10 Q). PEDOT:PSS was spin coated to achieve a 50-nm-thick
film. If included in the device structure, TFB was spin coated at
1,000 rpmfor1minand annealed at180 °Cfor crosslinking. The active
layer was then spin coated at 2,000 rpm following the same procedure
for thin films. Finally, the device was completed with the thermal evapo-
ration of 25 nm of TPBi, 10 nm of Caand 100 nm of Al, defining an active
device area of 0.045 cm’.

Inverted OLEDs were fabricated on prepatterned ITO glass
(120 nm, 10 Q). ZnO and ethoxylated polyethylenimine (PEIE) were
spin coated following the already reported procedure. The active layer
was then spin coated at 2,000 rpm following the same procedure for
thin films. Finally, the device was completed with the thermal evapora-
tion of TCTA, 10 nm of MoO, and 80 nm of Au, defining anactive device
areaof 0.045 cm?

Photophysical characterization

CD measurements of thin films were carried out with a Chirascan
(Applied Photophysics) spectrophotometer. CP photolumines-
cence was measured with a custom-built setup, using an achromatic
quarter-wave plate (Thorlabs) and a linear polarizer with a180° con-
figuration (transmittance). Atomic force microscopy was measured
using an Asylum MFP 3D device. Mueller matrix polarimetry in the
transmission mode was carried out at the B23 beamline” at the Dia-
mond Light Source.

OLED characterization

Current-voltage-luminance (/- V-L) characterizations were carried
out using a Keithley 2400 device and a Konica Minolta LS-160 lumi-
nance meter, with the emission profile assumed to be Lambertian. The

external quantum efficiency of the system was determined from the
J-V~-L characteristics and EL spectra, assuming Lambertian emission.
The CP-EL spectra were measured using a super-achromatic
quarter-wave plate (Thorlabs SAQWP0O5M-700) and a visible wire grid
linear polarizer (Thorlabs WP25M-VIS) placed in front of an Ocean
Optics FL-4000 charge-coupled spectrophotometer, as previously
reported®, and driving the device at a constant current (1 mA). The setup
isautomated viatheintegration of arotation mount (Thorlabs ELL14K),
ensuringthe acquisition of left- and right-handed CP emission spectra
inatimeinterval of <0.5 s to avoid potential g, artefacts due to device
degradation. The quarter-wave plate is rotated with respect to the
polarizer to avoid artefacts due to the relative orientation of the linear
polarizer and the internal optical components of the charge-coupled
spectrometer. This methodology ensures that the quarter-wave plate
and polarizer are always correctly positioned, preventing unintentional
birefringence or polarization artefacts that would otherwise need
angle-dependent measurements and depolarization corrections. The
dissymmetry factor (g, ) was calculated using the equationgy, =2(/, - Iy)/
(I, + Iy) at the maximum of the emission, with /, and /; being the
left-handed and right-handed emission intensities, respectively.

Data availability

Data supporting the findings of this study are available in the article
and the Supplementary Information. Any additional information can
be obtained from the corresponding authors upon reasonable request.
Source data are provided with this paper.
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