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Circularly polarized (CP) electroluminescence from organic light-emitting
diodes (OLEDs) has aroused considerable attention for their potential in future
display and photonic technologies. The development of CP-OLEDs relies lar-
gely on chiral-emitters, which not only remain rare owing to difficulties in
design and synthesis but also limit the performance of electroluminescence.
When the polarization (pseudospin) degrees of freedom of a photon interact
with its orbital angular momentum, photonic spin-orbit interaction (SOI)
emerges such as Rashba-Dresselhaus (RD) effect. Here, we demonstrate a
chiral-emitter-free microcavity CP-OLED with a high dissymmetry factor (gg.)
and high luminance by embedding a thin two-dimensional organic single
crystal (2D-OSC) between two silver layers which serve as two metallic mirrors
forming a microcavity and meanwhile also as two electrodes in an OLED
architecture. In the presence of the RD effect, the SOls in the birefringent 2D-
OSC microcavity result in a controllable spin-splitting with CP dispersions.
Thanks to the high emission efficiency and high carrier mobility of the OSC,
chiral-emitter-free CP-OLEDs have been demonstrated exhibiting a high gg, of
1.1 and a maximum luminance of about 60000 cd/m?, which places our device
among the best performing CP-OLEDs. This strategy opens an avenue for
practical applications towards on-chip microcavity CP-OLEDs.

M Check for updates

Circularly polarized (CP) light, featuring optical rotatory power and
rich angle-independent properties, has attracted increasing attention
for a variety of potential applications, such as encrypted information
storage'?, three-dimensional (3D) displays®*”, remote sensing®’, and
chiroptical switches'>™. In the case of organic light-emitting diode
(OLED) based 3D-display technology, incorporation of extra polarizers

is required to produce CP light from unpolarized electroluminescence
(EL), leading to large power loss and poor contrast ratio'*". Therefore,
the active generation of CP light directly from OLEDs, i.e., CP-OLEDs, is
more practical, due to their simple device architectures and energy
saving without the need for extra polarizers®>*'*", So far, the dominant
efforts for CP-OLEDs focus on the development of chiral emitters as
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the active layer for CP EL, including chiral molecules and metal-organic
complexes®®2°, as well as achiral conjugated polymers with chiral
sidechains and chiral dopants*??*, Nevertheless, high-performance
CP-OLEDs remain a great challenge hindered by three stumbling
blocks: (1) the CP EL materials are rare, limited by difficult molecular
design and synthesis”; (2) the key parameter, dissymmetry factor (gg,)
of the CP-OLEDs, is still relatively low, in the range of 10°3-107", except
for a few examples which exhibit high g¢ up to 1.0 by using chiral
transition metal complexes and polymers*'*?; (3) the CP-OLEDs still
show lower device performance than conventional OLEDs, for exam-
ple, the relatively low luminance, inevitably hindering their practical
applications®. Therefore, the development of CP-OLEDs with high g,
high luminance and of those that are chiral-emitter free is a key issue to
be addressed.

The polarization degree of freedom is intrinsic to the nature of
light and it can interact with the light field’s orbital angular momen-
tum. This is called photonic spin-orbit interaction (SOI) and is remi-
niscent of SOI in electronic systems with the photon’s pseudospin
mimicking the electron’s spin. Photonic SOI has been widely investi-
gated in inorganic systems, such as graphene, transition-metal
dichalcogenide, and metasurface materials”%°, and brings about
abundant applications in optoelectronics ranging from classical
information processing to the quantum optical regime***2. The reali-
zation of photonic SOI requires the breaking of inversion symmetries
in solid-state systems. Contrary to inorganic materials, organic mole-
cular assemblies, especially organic single crystals (OSCs), have highly
ordered and anisotropic molecular packing arrangement and there-
fore anisotropic refractive index and show birefringence. Recently, the
tunability of both energy and polarization of the confined photonic
modes have been reported in liquid-crystal-filled®* and OSC-filled*
birefringent organic cavities. In particular, when two photonic modes
with orthogonal linear-polarization and opposite parity are close to
resonance, Rashba-Dresselhaus (RD) SOI emerges with the character-
istic feature of left- and right-handed CP dispersions®?*. Regrettably,
the CP-splitting phenomenon due to RD-SOI is demonstrated in most
cases in passive reflection mode. We anticipate that combining a
birefringent OSC cavity with OLED architecture might lead to the
realization of artificial RD SOI, producing CP EL without the need of
chiral emitters.

In the present work, we demonstrate a chiral-emitter free CP-
OLED with high gg_ and high luminance by embedding a thin two-
dimensional OSC (2D-OSC) of 1,4-bis((E)-2,4-dimethylstyryl)-2,5-
dimethylbenzene (6M-DSB) sandwiched between two silver layers
which serve as two mirrors forming a planar microcavity and mean-
while as two electrodes in OLED configuration. Introducing birefrin-
gent 6M-DSB 2D-OSC into a planar microcavity modulates the
polarization of the confined photonic modes through artificial RD SOL.
Thanks to high emission efficiency and high carrier mobility of 6M-DSB
0SC*™*, chiral-emitter free CP-OLEDs are demonstrated with a high gg,
of 1.1 and a maximum luminance of about 60,000 cd/m? which are
among the best performances of CP-OLEDs. This unique top-emitting
microcavity OLED architecture with active CP EL based on RD SOI
demonstrates a promising strategy for future display and commu-
nication applications.

Results

Sample preparation and properties

A schematic of our device is shown in Fig. 1a. The microcavity CP-
OLEDs were fabricated with a top-emitting device architecture: silicon
wafer/Ag (200 nm)/6M-DSB OSC (990 nm)/CsF (10 nm)/Ag (35nm)
(see details in Supplementary Figs. S1-S3), where the bottom Ag and
the top CsF/Ag films played the role of hole and electron injection
layers, respectively. Because of the excellent reflective properties of
the silver films (that is, the reflectivity of the silver film with the
thickness of 200 nm is more than 99% and that of 35 nm is about 50%),

the parallel silver electrodes also double as the high-quality reflectors
to form an optical Fabry-Pérot planar microcavity. Thin 2D-OSCs of
6M-DSB were chosen as the optical medium inside the microcavity,
because of its giant anisotropy of the refractive index along Y (2.40)
and X (1.95) directions (see Fig. 1a and also text below)*>*, Further-
more, its semiconducting feature and high solid-state photo-
luminescence (PL) quantum yield (PLQY=0.9931, see details in
Supplementary Fig. S6) assure efficient electron and hole injection for
high-performance EL.

Thin 2D-OSCs of 6M-DSB were prepared by the physical vapor
transport method, with the lateral size in a millimeter scale and a
thickness of about 990 nm (Supplementary Fig. S7). The uniform and
smooth surface of 6M-DSB 2D-OSCs with a roughness less than 1.5 nm
pave the way for fabricating microcavity CP-OLEDs. As-prepared 2D-
thin-OSCs of 6M-DSB were then transferred on the 200-nm Ag film pre-
deposited on silicon wafer. Finally, CsF/Ag films were vacuum depos-
ited sequentially through a mesh-mask, giving rise to an array of
microcavity CP-OLEDs on the surface of thin 2D-OSCs. Figure 1a also
presents the top-view bright-field photograph of patterned micro-
cavity CP-OLEDs. It can be seen that subunits of CP-OLED array are in
40 x40 um? and separated by 20 pum to avoid cross-talk and short
circuit. The thin 2D-OSCs of 6M-DSB adopt a lamellar structure with
the crystal (001) plane parallel to the substrate (Fig. 1b and Supple-
mentary Fig. S8)**. Within (001) plane, nearly planar 6M-DSB molecules
stack in a brickwork arrangement among their short-axis with the
nearest Ti-Tt distance ca. 3.6 A. Their molecule long-axis is tilted at an
angle of 63° respect to the substrate**. It can be seen from Fig. 1b that
this brickwork arrangement brings about significant anisotropic
molecular packing arrangements (molecular packing density) along
and parallel to the m-1 interaction (defined as Y- and X-direction,
respectively), thus leading to a strong anisotropy of the refractive
index. We associate the linear polarizations of the cavity modes along
X- and Y-direction as X- and Y-polarization, respectively.

Principle of SOI and experimental realization

In theory, such a birefringent microcavity can be approximately
described by an effective Hamiltonian H(K)=Hgpy +Hgp + Hxy,
where Hygqy describes the intrinsic transverse-electric-transverse-
magnetic (TE-TM) splitting of the cavity modes®, Hpp = — 2a6,k,, is
the RD Hamiltonian®***, giving rise to a spin-splitting along &,
direction with the strength a, and Hyy=p,0, is the Hamiltonian
representing the XY splitting®, i.e., the energy splitting (8, at k=0) of
the perpendicularly linearly polarized modes (X- and Y-polarizations)
with opposite parity (here, we define it as 8o = Ex — Ey, where Ex and Ey
are the ground state energies of X and Y modes of opposite parity). The
above effective Hamiltonian in the circular polarization basis can be
written in the form of a 2 x 2 matrix:

Eo+ 2K — 2ak
H(k)=< 0" 2m y

Bo +ﬁ1k2ezw 1
Bo +ﬂ1k2372w ' o

2 1,2
Eog+ £ K™ +2ak,

where E, is the energy of the ground state, m is the effective mass
of cavity photons, B, is the strength of the TE-TM splitting,
and ¢ (p<€[0, 2m]) is the polar angle.

The left panel of Fig. 1c depicts the energy (£) vs. momentum (k,)
dispersion in an isotropic microcavity. Here, two orthogonally polar-
ized cavity modes with the same parity (X, Yn) degenerate at k, =0,
with Bo>0 (Bo=0 means two orthogonally polarized cavity modes
with different parity at k, =0 to be resonant). Once 2D-OSCs of 6M-
DSB were inserted, the anisotropy of its refractive index leads to a
birefringent microcavity, in which the splitting between X- and
Y-polarized modes at k,, =0 occurs, leading to a reduction of j, (see
the middle panel of Fig. 1c). By carefully tuning the cavity length, i.e.,
the thickness of the 2D-OSCs, two orthogonally linearly polarized
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Fig. 1| Sample architecture and principle of SOI. a Schematic diagram of the
microcavity CP-OLED device structure. The bottom Ag (200 nm) and the top Ag
(35 nm)/CsF (10 nm) films serve as the hole and electron injection layers for the
OLED and meanwhile function as two mirrors forming a Fabry-Pérot planar
microcavity. The 6M-DSB OSCs serve as the emitting layer of the OLED and as
birefringent optical medium necessary for the realization of SOl in the microcavity.
Right panel: the top-view bright-field of patterned microcavity CP-OLEDs. b Left:
Molecular structure of 6M-DSB from single-crystal data, showing the enhanced
planarity. Right: brickwork molecular packing arrangement within the (001) crystal
plane, viewed perpendicular to the microribbon top-facet. The nearest

intermolecular distance is around 3.6 A. ¢ Left: two orthogonally linearly polarized
modes with the same parity in an isotropic microcavity. Middle: the dispersion of
two orthogonally linearly polarized modes in an anisotropic microcavity. Right: RD
SOl emerges when two orthogonally linearly polarized modes with opposite parity
are resonant. d The resonant X- and Y-polarized cavity modes of opposite polarity.
The 6M-DSB crystal in the microcavity hence acts as a half-wave plate, and the
intrinsic mode polarization of the light-emitting side of the mirror turns into a
circle, corresponding to left-handed and right-handed circular polarizations,
respectively.

cavity modes with opposite parity (X, Yn1) approach each other at
ky, =0, that is, Bo-0. In the resonant case (8o =0), a clear spin-splitting
appears along k,, direction due to RD SOl with a # O (see right panel of
Fig. 1c) as predicted by Eq. (1) and therefore linear polarizations change
to circular polarizations. That is, at resonance of X, and Y,, _ 1, the phase
difference between the X- and Y-polarized modes across the intra-
cavity anisotropic 2D-OSC rotate by 1, such that the anisotropic 2D-
OSC act as a half-wave plate and result in a change of the eigenmode
polarization at the mirror interfaces from linear to circular polariza-
tions (Fig. 1d)®.

To experimentally demonstrate the above theoretical prediction,
we firstly measured the unpolarized angle-resolved reflectivity (ARR)
of our microcavity CP-OLED along Y-direction. The reflectivity is
plotted as a function of wavelength (or energy) and angle (or
momentum k), measured by using a home-made micro-scale ARR
measurement system (Supplementary Fig. S4). Figure 2a presents two
sets of modes with distinctive curvatures. The black and red dashed
lines are simulated dispersions, in good agreement with experimental
results. The simulated refractive indices of the two cavity modes (that
is, 1.95 for X-polarized modes and 2.40 for Y-polarized modes) also
support the fact of the giant anisotropy of the thin 2D-OSCs of 6M-DSB
(Supplementary Fig. S9). We measure the polarized reflection spec-
trum and obtain accurate refractive index values (Supplementary
Fig. S15), which are in line with our simulation results. We also perform
angle-resolved PL (ARPL) measurements under the excitation of a 405-
nm continuous-wave laser. The ARPL (Fig. 2b) and ARR (Fig. 2a) spectra
show exactly the same dispersions. Furthermore, polarization-

resolved ARPL experiments have been carried out by adding a
quarter-wave plate and a linear polarizer along the detection optical
path (Supplementary Fig. S5), which allows us to distinguish the
polarization of the relevant optical modes. The modes with larger (red
dashed lines) and smaller (black dashed lines) curvatures are X- and
Y-polarization corresponding to X- and Y-direction, respectively, of the
2D-0SCs of 6M-DSB, which are both well consistent with the calculated
results of the cavity modes by using the 2D cavity photon dispersion
relations®.

The energy splitting values o between the X- and Y-polarized
modes present wavelength-dependent characteristics, for example, Bo
is about 23, 0, and —21 meV for near 448, 497, and 558 nm, respectively,
as shown in Fig. 2a, b. Different from other successive dispersion
branches (such as at 448 and 558 nm), the crossing point appears at
497 nm and &, =0 originated from Xy and Yg branches (black dotted
circle in Fig. 2a), which suggests that the RD SOl emerges in this device.
To investigate the polarization property of these cavity modes, we
further measured the Stokes vector components* to analyze the
pseudospin behaviors. The S§; components of the Stokes vector of Xg
and Y, branches show strongly linearly polarized PL emission (Fig. 2e),
while their corresponding S; components exhibit relatively weak
(Fig. 2f). As X- and Y-polarized modes approach, the near resonant Xy
and Yg branches at k,=0 enhances the RD SOI, leading to the
clear splitting of the paraboloids in k, direction (Fig. 2b). The S,
components present two separate circles with opposite signs and they
are highly CP with much higher polarization degree (Fig. 2d), while the
S: components become very weak (Fig. 2c). Therefore, the PL-active CP
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Fig. 2 | Reflection and PL measurements. a ARR and b ARPL of the microcavity
with the organic-layer thickness of 990 nm. The units of the color bars are arbitrary.
The dotted curves in a represent the simulated X and Y cavity modes, respectively.
The dashed curves in b, indicating the split CP modes, are calculated by solving Eq.
(1) with the parameters £, = 2.495eV (497 nm), m=2.2x10">m, (m, is the free
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electron mass), B, = 0, 8;= 0.7 meV, a= 37 eV A. c-f Cross-section maps of the 2D
tomography at 497 and 535 nm in momentum space, corresponding to the dashed
lines in b, respectively. S; components of the Stokes vector at 497 nm (c) and
535nm (e), S3 components of the Stokes vector at 497 nm (d) and 535 nm (f).

emission due to the RD SOI has been clearly demonstrated in our
microcavity OLEDs.

EL performances of the CP-OLED

The EL performances of our microcavity CP-OLED were then investi-
gated. Figure 3a shows the energy level diagram of the OLED archi-
tecture. Ag and Ag/CsF are used as the upper and lower electrodes to
inject holes and electrons, respectively. Under a certain voltage, a
device achieves uniform and bright EL and edge waveguide (Fig. 3b
and Supplementary Fig. S10). We collect the EL emissions from the
upper electrode and the crystal edge and compare them with the PL
spectrum of 6M-DSB OSCs (Fig. 3c). The waveguided EL light emitted
from the OLED is trapped in single crystals in the form of a whisper
gallery mode and then propagates out of the crystal edge. So, this EL
spectrum (middle panel of Fig. 3c) is coincident with the PL spectrum
of the OSCs (upper panel of Fig. 3c). Notably, the EL spectrum from the
upper electrode (bottom panel in Fig. 3¢) exhibits multiple microcavity
resonant peaks, and these peaks’ wavelengths are obviously consistent
with the PL spectrum of the OSCs. This indicates that the EL emission
comes from the OSC active layer of the OLED and is regulated by the
microcavity. The EL performances of a single-crystal OLED based on
6M-DSB single crystals are shown in Fig. 3d, e. The maximum lumi-
nance and current efficiency of about 60,000 cd/m? and 1.48 cd/A,
respectively, were obtained. Thanks to the good crystal quality of the
OSCs, our OLED can withstand high voltage of tens of volts (that is,
current density of 22.7 A/cm?) and stably emit light without any
damage. The highest luminance of our OLED reaches 60,000 cd/m? at
the current density of 7.6 A/cm?, which is one of the highest luminance
of single-crystal OLEDs.

In order to study the influence of the RD SOI on the EL emission,
we perform the angle-resolved EL (AREL) measurement for our OLED.
The angle range of the AREL spectrum is only +15° limited by numerical
aperture of the microscope lens in our setup. The obtained AREL
spectrum also shows a clear RD spin-splitting, which matches well with
the EL spectrum (Supplementary Fig. S11). We further performed the
CP (o+and 0-) AREL spectroscopy. Expectedly, the EL emission exhibit
strong left- and right-handed circular polarization in the vicinity of
497 nm at k, =0 as shown in Fig. 4a, b, respectively, which agrees to
the result of the ARPL as shown in Fig. 4c, d. This strongly testifies that
the RD SOl occurs at the condition of electrical excitation and induces

the active CP emission due to the spin splitting. Correspondingly, the
EL emission spectra of unpolarized, o+ and o— are shown in Fig. 4e. The
left- and right-handed CP emissions are exactly coincident with the
above analysis of the cavity modes.

We calculate the RD spin-splitting parameters (a = 2Eo/ko)*®, as a
typical value for the feature of RD SOI, at different photonic modes and
show in Fig. 4f (blue triangles). Two modes with different polarizations
and opposite parity are brought into resonance and give rise to
wavelength-dependent a values of the RD effect (Supplementary
Figs. S12-S14). In the vicinity of the resonance (X and Yg modes), we
obtain a giant RD parameter of a=52 eV A, which is much larger than
that reported in liquid-crystal optical cavities®. The key parameters of
circular polarization asymmetry factors (gg, for EL and g, for PL) are
usually employed to characterize the performance of CP-OLEDs and
can be defined as gg (Or Gjum) =2 (IL - Ip)/(I. +Ir), where [ and Iy
correspond to the intensities of left- and right-handed polarization,
respectively”. The obtained g and gi,m on the different photonic
modes are presented in Fig. 4f. At the resonance wavelength, g and
Sium reach the maximum values of about 1.4 and 1.1, respectively, which
are both the best performances of CP-OLEDs (Supplementary Table S1).

Discussion

In summary, we propose a strategy for designing chiral-emitter-free
single-crystal CP-OLEDs with high luminance and large gy value
through introducing artificial RD SOI into optical microcavities.
Thanks to high emission efficiency and high carrier mobility of the 6M-
DSB OSC, our microcavity CP-OLEDs exhibit a maximum luminance of
exceeding 60,000 cd/m? and a large g, value of 1.1, which are among
the best performances of single-crystal CP-OLEDs. The introduction of
OSC to such EL devices brings about two advantages: (1) the highly
ordered molecular stacking arrangement in single crystals can result in
anisotropic refractive index in different directions, which benefit the
occurrence of the RD effect. (2) The high current density in single-
crystal OLEDs (e.g., 69.25 A cm™ in our case, which is three orders of
magnitude higher than that of thin-film OLEDs) also makes them
potential candidates also for the future realization of organic elec-
trically pumped solid-state lasers. Our strategy provides a promising
design for efficient single-crystal CP-OLEDs, which may greatly pro-
mote the development of CP-OLEDs with use in future 3D display
applications.
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Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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