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Organic light-emitting diodes (OLEDs) represent an attractive technology to fabricate efficient 

energy-saving light sources with high color quality, wide viewing angles and a true black color.[1]
 

Although OLEDs available on the market, in the form of OLED lamps, OLED-TVs, OLED display-

equipped portable devices, generate exclusively unpolarized electroluminescence (EL) emission, 

investigation on linearly polarized EL emission of organic systems[2] has been stimulated in the last 

years by development of stereoscopic 3D-displays. Circularly polarized (CP) light has further found 

intriguing photonic applications such as molecular photoswitches,[3] optical data storage,[4] optical 

quantum information[5] and spintronics[6] and its use in other fields, such as chirality sensing[7] or 

enhanced image contrast in advanced medical imaging techniques,[8] appears promising. 

The ability to control the polarization of the emitted light in conjugated molecular and polymeric 

systems is a fascinating issue in the design of new materials. While this is well established for CP 

photoluminescence (PL), the direct generation of CP electroluminescence (EL) still lags behind. 

Yet, it would be more efficient in terms of device simplicity (thickness), production costs and 

integration with other organic optoelectronic devices (transistors, photodetectors), with respect to 

conventional CP devices employing polarizing filters.[9] 

In order to achieve CPEL, the emitting material must be chiral and non racemic, in addition to all 

the expected features for electroluminescent devices. 

CP-OLED performance can be measured by the EL dissymmetry factor gEL (|gEL| ≤ 2, 

gEL = 2(IL−IR)/(IL+IR), IL, and IR, being the left- and right polarized intensity, respectively).[10]  
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Direct CPEL generation was first demonstrated in a chiral-substituted poly(p-phenylenevinylene) 

(PPV) derivative[11] and since then two main strategies have been followed in the design of such 

devices: decorating the light-emitting polymer with chiral sidechains, or doping it with a chiral 

molecule (Figure 1). Geng et al.[12] achieved the highest gEL value of 0.35 reported so far, by 

employing a hyperbranched poly(fluorenevinylene). Oda et al.[9] measured gEL of 0.16 and -0.25 for 

liquid-crystal chiral-substituted polyfluorene-based OLED. In these cases, circular polarization 

stems from the chiral supramolecular organization of the active layer, which may be strongly 

temperature- and possibly batch-dependent.[13] 

Following the second approach, Fuchter et al.[14] obtained a gEL value of 0.2 by doping a 

conventional (achiral) polymer with a helicene as the chiral inducer. An advantage of this strategy 

consists in the use of a previously optimized and efficient electroluminescent material, although the 

considerable amounts of the chiral inducer can perturb the emitter properties and affect the 

homogeneity of the active layer. 

As typically occurs for polymer-based OLEDs, the emission band is broad, covering a relevant part 

of the visible spectrum; interestingly, the gEL value remains almost constant throughout the band.  

Although wide bands and constant g values may be desirable for certain applications,[4-6] there are 

other ones for which nearly monochromatic emission is requested.[15, 16] Furthermore, higher levels 

of CPEL are essential in order to switch to practical application in chiral optoelectronics and 

photonics. 

This can be attained in OLEDs based on lanthanide complexes; such OLEDs feature very sharp 

emissions, whose energies are only slightly affected by the temperature and the hosting medium.[17] 

Moreover, Eu(III)-based OLEDs have potential for a high electroluminescence internal quantum 

efficiency, thanks to their ability of harvesting triplets for light emission. Indeed, Eu(III)-based 

OLEDs are now an established technology for standard non-polarized electroluminescent 

devices[15,18] and recently devices embedding Eu(III) beta-diketonate complexes with external 

quantum efficiency (EQE) exceeding 4 %[19] and tunable color emission have been reported.[20] 

Another intriguing feature of Ln(III) complexes is that some chiral compounds display a highly CP 

PL,[10]  but notably their use as circularly polarized electroluminescent emitters has never been 

investigated so far. 
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Figure 1  Three strategies employed in CP-OLED: a) polymers with chiral sidechains, able to form chiral supramolecular 

aggregates; b) a chiral small molecule dopant, inducing chirality on an achiral emissive polymer; c) our approach based on emissive 

small chiral molecules, endowed with high intrinsic polarized emission dispersed in a polymer host. This figure has only a 

diagrammatic purpose. 

In this paper we present a completely novel approach for manufacturing an OLED with high 

intrinsic circularly polarized sharp red emission with a level of CPEL as high as 70 %, largely 

outperforming previously reported results (Figure 1). For the first time, we used a chiral lanthanide 

complex as the guest emitter in a well established solution-processed polymer-based device and we 

investigated the critical factors affecting gEL value in CP-OLED. 

For this prototype device, the Ln(III) complex CsEu(hfbc)4 (hfbc = 3-heptafluoro-

butylyrylcamphorate; Figure 2a), with the highest available CP PL (gPL = 1.38 at 595 nm, meaning 

a IL/IR ratio of 85:15) for a lanthanide system,[21] was selected as the chiral emitter. Even though it 

has a low PL quantum yield (3% as powder), for our purposes, it provides a very good trade-off 

between polarization and total luminescence. 
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a)  

b)   c)  

Figure 2  a) Molecular structure of the two enantiomers of CsEu(hfbc)4; b) PVK polymer host and OXD7 additive  
constituting the blend for the emitting layer; c) Device architecture showing the thin film containing the Eu(III) complex-based active 
layer, sandwiched between a PEDOT:PSS-coated ITO anode and a Ba/Al cathode. 

 
 
 
 

a)   b)  

c)  d)  

Figure 3  Photoluminescence of CsEu(hfbc)4 in CHCl3 solution (a) and in the blend film (c) and circularly polarized 

photoluminescence of (b) CHCl3 solution; d) film. 
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In our strategy for the development of the CP-OLED architecture, two critical issues were 

addressed: inhibition of all the emission from the matrix, in order to have light stemming only from 

the Eu(III)-complex, and minimization of internal reflection of emitted light on the back electrode, 

to preserve CPEL. 

In such CP-OLEDs the emission from the matrix is undesired because all the photons arising from 

other sources than the chiral Eu(III) complex would reduce the chiroptical response (in terms of g-

factor) of the system. We focused on the easily processable polyvinylcarbazole (PVK, Figure 2b), 

possessing good hole transport properties and weak electroluminescence, which was demonstrated 

as a suitable host for Eu(III) complexes.[22] In order to provide a better carrier transport and 

carrier/exciton confinement, a soluble oxidiazole derivative, 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-

oxadiazo-5-yl]benzene (OXD7, Figure 2b), was added to the blend, typically in the ratio 

PVK:OXD7/3:1. We found that a concentration of 10 wt.% of the Eu(III) complex emitter in the 

blend was optimal to collect pure Eu(III)-centred emission, although in the PL spectrum the PVK 

emission was still dominant in the blue region (Figure 3c, Figure S3). 

a)  b)  

Figure 4  a) Total external quantum efficiency versus current density J; b) Representative curve of0 J (circles) and 

luminance L (squares) as a function of applied voltage. 

The reflection of light reverses the handedness of CP light: if this occurs on the back electrode, the 

polarization of light exiting the ITO window would be reduced,[11] even though the intrinsic 

emission of the active component in the device is strongly polarized (Figure 3b,d). The usual 

configuration of OLEDs consists in a fully reflecting metal top electrode, in order to collect also the 

photons emitted opposite to the transparent substrate. In our devices, this would be highly 

detrimental and therefore the reduction of the cathode thickness to obtain a semi-transparent surface 

is imperative. A Ba/Al cathode was preferred to the more conventional LiF/Al/Ag,[23] commonly 

used in top-emitting devices, since it was demonstrated as a good electrode in PVK-based 
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devices.[20] A 50 % cathode transmittance was found to be suitable to grant reduced reflection, thus 

ensuring a highly polarized EL with a good stability. 

Following this strategy, we fabricated devices with a very basic architecture: on top of PEDOT:PSS 

covered glass/ITO substrate, a CsEu(hfbc)4 10wt.%-doped PVK:OXD7 single active layer was 

deposited by spin-coating technique (Figure 2c). The appropriate solvent and concentration of the 

solution ensured good film quality (Figure S10). Devices with 4 nm Ba and different Al cathode 

thickness in the range from 80 nm to 6 nm (50% transmittance at 612 nm) were built to investigate 

the effect of internal reflections on the g-factor. The maximum EQE, measured as the total number 

of emitted photons on number of injected carriers, was 4.2·10-3 % (current efficiency 5·10-3 Cd/A, 

power efficiency 6.7·10-3 lm/W, Figure 4). Devices switched on at about 8 V and were driven at 20 

mA/cm2 (about 10 V) for recording CPEL spectra. The light was collected from the glass surface in 

perpendicular direction and the stability of the emission spectra was verified for the time required 

for the characterization (Figure S6). 

The total EL spectrum (Figure 5a) showed the typical Eu(III)-centred emission in a wide range of 

driving voltages (Figure S4). 

The CPEL was measured by using a quarter wave retarder and a linear polarizer prior to a CCD 

detector. By rotating the easy axis of the quarter wave plate by ±45° with respect to the linear 

polarizer, the IL and IR polarized components of the emission were alternatively acquired. By 

subtracting the IL and IR spectra, the CPEL spectra were obtained; gEL was derived according to the 

definition reported above. 

The CPEL spectra obtained for the devices containing the two enantiomers (CsEu((+)-hfbc)4 and 

CsEu((–)-hfbc)4), were almost perfectly mirror image (Figure 5b) and showed the same patterns of  

bands reported for the CP PL spectra measured in CHCl3 (Figure 3b).[21] This excludes all artifacts 

due to linear polarization and birefringence of any component in both OLEDs and detection 

apparatus. It further ensures that the observed CPEL is Eu(III)-centered, ruling out any contribution 

of the polymeric matrix to the measured EL and CPEL.  

A gEL value of about ±0.75, at 595 nm (for the Eu 5D0→7F1 transition, see Table 1), was recorded 

from the devices with the thinnest cathode (4 nm Ba+6 nm Al); this means that about 70% of the 

EL is circularly polarized. To the best of our knowledge, this is the highest value ever measured for 

a CP-OLED and the very first report of lanthanide-centered circularly polarized EL. 
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Similarly, the CP EL of the band at 612 nm (for the Eu 5D0→7F2 transition, see Table 1) showed a 

value of gEL of -0.09/+0.15. As expected from the PL spectrum, this band possessed an opposite 

sign with respect to the emission at 595 nm. The measurements carried out on devices with different 

cathode thickness showed an exponential-like reduction of gEL upon increasing electrode thickness 

(Figure 6). The total EQE does not vary significantly with the cathode thickness since all the 

emitted photons are collected (both forward and backward emission, see Table S2), as also 

demonstrated by Lee et al.[24] 

a)    b)  

Figure 5   a) EL spectrum of CsEu(hfbc)4-based OLEDs; b) CPEL of the devices containing each enantiomer of 

CsEu(hfbc)4. 

 

Table 1  EL dissymmetry factors (gEL) for CsEu((±)-hfbc)4-based devices with standard deviations (σd) and PL 

dissymmetry factors (gPL) of the complexes in CHCl3 solution. 

 595 nm (5D0→7F1) 612 nm (5D0→7F2) 

CsEu((+)-hfbc)4 gEL (σd) +0.73 (0.08) –0.09 (0.05) 

CsEu((–)-hfbc)4 gEL (σd) –0.79 (0.02) +0.15 (0.06) 

CsEu((+)-hfbc)4 gPL (σd) +1.41 (0.04) –0.25 (0.04) 

CsEu((–)-hfbc)4 gPL (σd) –1.41 (0.05) +0.22 (0.04) 
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Figure 6   Four experimental gEL values obtained for the transition at 595 nm as a function of the cathode thickness. The 

error bars represent ±2 standard deviations. We refer to the SI for a possible explanations of this trend. 

 

In conclusion, we have presented a novel approach for manufacturing OLEDs with intrinsic sharp 

CP emission. For the first time a chiral lanthanide complex was successfully used as the direct 

circularly polarized emitter in a well-established solution-processed device and an unprecedented 

study of the effect of cathode transmittance on the level of CPEL was carried out. Following our 

strategy, we manufactured devices that outperform known CP-OLEDs by at least a factor 2 in terms 

of gEL value. The results disclosed herein represent a proof-of-concept and there is plenty of room 

for improvement, for example by rational molecular design of chiral Ln(III) complexes with higher 

PL quantum yield, and also for extension to lanthanide complexes emitting in other spectral regions, 

including the near infrared. We believe that this may open up new perspectives for applications of 

rare earth elements in chiral optoelectronics and photonics. 

 

Methods 

A blend of PVK:OXD7:CsEu(hfbc)4 in the mass ratio (3:1:0.4) was dissolved in CHCl3 15 mg/mL. Indium tin oxide 

(ITO; 15 Ω per square) substrates were cleaned by sonication in distilled water, acetone, and isopropyl alcohol. After 

treatment with nitrogen plasma, a thin film (40 nm) of filtered (nylon 0.45 µm) poly-(3,4-ethylenedioxythiophene)-

poly(styrenesulfonic acid) (PEDOT:PSS, Clevios P VP AI 4083, H.C. Starck) used as a hole-injection layer at the anode 

interface was spin-coated onto the ITO substrate, and then dried under nitrogen atmosphere at 150 °C for 15 minutes.  

A film of emitting blend (65-120 nm) was then spin-coated. A thin layer of barium (4 nm) and subsequently a layer of 

Al (6-80 nm) were deposited on the top by vacuum (5x10-7 mbar) thermal evaporation. The device active area was 

5.4 mm2. All operations were carried out  inside a nitrogen-filled drybox with less than 0.1 ppm of both oxygen and 

water. 
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CPEL spectra were recorded using Spex 270M monochromator combined with CCD, using a linear polarizer and a 

THORLABS achromatic (400-800 nm) quarter wave plate prior to the detector. 
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The first Circularly polarized OLED (CP-OLED) based on a chiral lanthanide complex is 
developed. With a simple architecture, this proof-of-concept device attains the highest polarization 
reported so far and additionally presents the first example of Ln-based OLED that can be turned 
into a CP-OLED, fully retaining the special features of Ln-based OLEDs. 
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Synthesis of the complexes CsEu((±)-hfbc)4 

The complexes were synthesized following a slightly modified literature procedure,[S1] described 

below. Their identity and purity was confirmed by comparing 1H-NMR (Agilent Inova 600 

operating at 14.1 T) spectra with the literature data. 

Synthesis of CsEu((+)-hfbc)4 

CsCl (200 mg, 1.01 mmol) and EuCl3 (132 mg, 0.50 mmol) were dissolved in H2O (20 mL). In the 

mean time a solution containing (+)-heptafluorobutyrylcamphor ((+)-hfbcH; 0.54 mL, 2.04 mmol) 

and triethylamine (0.30 mL, 2.15 mmol) in CHCl3 (30 mL) was prepared. The two solutions were 

mixed together. The resulting biphasic system was left for 1 hour at room temperature under 

vigorous stirring. 

The CHCl3 layer was recovered and the aqueous phase was extracted with fresh CHCl3 (2x15 mL). 

The combined organic phases were washed with water (3x15 mL), dried over anhydrous Na2SO4 

and the solvent was removed under vacuum. The crude product was crystallized from hot CH3CN. 

The title compound was obtained as white needle crystals in 21% yield. 

1H-NMR (CDCl3, 600 MHz, 25.0 °C, broad singlets),  (ppm): 5.20 (Me3); -0.89 (Me2); -0.99 (A); -

1.66 (C); -2.72 (Me1+D); -4.55 (E); -6.35 (B).  
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Synthesys of CsEu((–)-hfbc)4 

For the synthesis of CsEu((–)-hfbc)4, the same procedure reported above for CsEu((+)-hfbc)4 was 

followed. Yield 23%; same 1H NMR data as above.  

 

CPL measurements 

The instrumental set-up for detection of circular polarization of emitted light consisted in a Spex 

270M monochromator combined with CCD. Between the sample and the detector we put a quarter 

wave plate (Thorlabs, AQWP05M-600) which was rotated through angles defining the orientation 

of the easy axis vs. the linear polarizer (Oriel 25010), which was kept fix. 

Setup calibration 

We validated the CPL measurements using CHCl3 solutions (2·10-3 M, exc=365 nm) of each 

CsEu(hfbc)4 enantiomer. The emission of each solution was measured by rotating the quarter wave 

plate by ±45°; the measurements were repeated 6 times for each equivalent position of the quarter 

wave plate for each solution. The CPL spectrum (Figure 3b) was obtained by subtracting the left 

and right component of the emission (IL-IR); the gPL-s were calculated using the definition: 

                          (S1) 

averaging over the whole set of measurements. The total intensity (IL+IR) was corrected by 

subtracting the background (the background signal was generally below 5% of the least intense 

band). The CPL spectra obtained for the two enantiomers were mirror-like, as expected. This rules 

out any linear birefringence contribution in the measurement apparatus. The calculated gPL values 

were in very good agreement with the ones reported in the literature[S2] for CsEu((+)-hfbc)4  (see 

Table S1). 

Table S1  Photoluminescence dissymmetry factors (gPL) for CsEu((±)-hfbc)4 solutions CHCl3 with standard deviations (σd) 

and the gPL values reported in the literature[S2] for CsEu((+)-hfbc)4. 

 595 nm (5D0→7F1) 612 nm (5D0→7F2) 

CsEu((+)-hfbc)4 gPL (σd) +1.41 (0.04) –0.25 (0.04) 

CsEu((–)-hfbc)4 gPL (σd) –1.41 (0.05) +0.22 (0.04) 

CsEu((+)-hfbc)4 gPL
[S2] +1.38 –0.23 
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UV and ECD spectra of CsEu(hfbc)4 

a  b  

 Figure S1 Absorption spectrum (a) and electronic circular dichroism (b) for CsEu(hfbc)4 in CHCl3 solution. 

 

Photophysical characterization of the active layer film 

a  b  

Figure S2 a, absorption spectrum for the active layer film with (black) and without the complex (red). b, electronic circular 

dichroism for the blend film with CsEu((–)-hfbc)4. 

PL and EL measurements on the film 

The photoluminescence spectrum of the film shows the emission of both the Eu(III) species and 

PVK (Figure S3), while PVK contribution to the emission is almost completely quenched in 

electroluminescence even at high driving voltages (Figure S4). 
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Figure S3 Total photoluminescence of the blend film. 

 

 
 

Figure S4 Voltage dependence of EL spectra of a ITO/PEDOT:PSS/PVK:OXD7: CsEu((–)-hfbc)4/Ba/Al device (10-15 V). 

Spectra are vertically shifted for clarity. 

 

 

Figure S5 Picture of the device, two pixels are switched on. 
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CPEL measurements on the LEDs 

The devices were turned on by applying 10-12 V (corresponding to 20 mA/cm2) and were let 

stabilize for several seconds (15-20 s) before the measurement. The differential emission was 

measured by rotating the quarter wave plate by ±45°, as described above for the solutions. The 

measurements were repeated at least 4 times for each equivalent position of the quarter wave plate 

for each LED pixel. This set of measurements was repeated at least on 5 pixels for each device. The 

CPL spectra and gEL values were obtained as described above. 

Figure S6 Reproducibility (8 sweeps) of current density-brightness-voltage curves of ITO/PEDOT:PSS/PVK:OXD7: 

CsEu((+)-hfbc)4/Ba/Al devices with 6 nm (left), 10 nm (center) and 80 nm Al cathode (right). 

Effect of the active layer thickness and the blend ratio on the electroluminescence 

dissymmetry factor 

 

Figure S7 Total external quantum efficiency (EQE) and gEL of three devices with varying active layer thickness. The 

cathode thickness (Ba/Al 4/6 nm) and the blend ratio (10 % w/w CsEu(hfbc)4) were kept constant. 
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Figure S7 shows that gEL factors do not vary significantly with the active layer thickness, moreover 

a blend with 20 % w/w of CsEu(hfbc)4 showed a similar gEL value (0.71). 

Reflection on the cathode 

As discussed in the text, the reflection of the emitted light on the cathode is a major issue for the 

polarization performances of CP-OLED since the handedness of polarized light is reversed upon 

reflection. In a very simplified model we may consider that about 50% of the emitted light is 

directed backward towards the cathode and it is reflected. If R is the reflectivity of the Al coating, 

we get that the two polarized components exiting the device (    and    ) are:                      (S2a)                      (S2b) 

By the definition, we get that the measured     for the device is: 

                                  (S3) 

Substituting eq. (S2a) and (S2b) in eq. (S3), we get: 

                               (S4) 

Where        is the intrinsic dissymmetry factor of the chiral europium species. 

Hass and Waylonis[S3] measured the reflectivity R of Al thin layers for various thicknesses 

(Figure S8).  

 

Figure S8 Reflectivity R of Al thin layers measured by Hass and Waylonis[S3] as a function of thickness. 
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Using these data we may calculate the expected gEL values as a function of the Al cathode thickness 

of our devices from eq. (S4) with            . In Figure S9 we report these values along with our 

experimental points. 

 

Figure S9 gEL values calculated using R by Hass and Waylonis[S3] and eq. (S4) as a function of cathode thickness (black 

circles) and experimental points (red squares) obtained at 595 nm. The error bars represent 2 standard deviations. 

Figure S8 shows that R reaches a limiting value of about 0.91 and therefore eq. (S4) predicts a 

limiting value of 0.07, experimentally we found a value of about 0.1 for an Al thickness of 80 nm 

(Figure S9). 

Of course these considerations are solely intended to heuristically correlate the experimental trend 

that we observed with simple experimental values. We do not aim here to advance a comprehensive 

model which would require knowing several other parameters. 

Total external quantum efficiency 

Table S2  Total external quantum efficiency and thickness of the Al coating on the cathode. Since both forward and 

backward emission is collected, the total EQE is not expected to vary significantly with the Al thickness.  

Al thickness/nm EQE (·10
-3

 %) 

6 4.2 

10 3.9 

80 4.1 
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Active layer film Morphology 

a b  
Figure S10 a, AFM topography images of CsEu((+)-hfbc)4. b, CsEu((-)-hfbc)4 dispersed in PVK:OXD7. Root mean square 

roughness (RMS) values are reported. 
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