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Polarized light emission from organic light-emitting devices (OLEDs) is of considerable current interest because of their
great potential in various optical and optoelectronic devices. Utilizing materials with aligned molecular orientation is
a simple and promising way to realize highly polarized OLEDs; however, both the polarization ratio and efficiency are
still far from the requirements for practical applications. Organic single crystals with inherent anisotropic properties
induced by their long-range periodic order are ideal candidates for intrinsically polarized emission. Herein, the intrinsic
polarization has been dramatically amplified by constructing a microcavity structure in organic single-crystal OLEDs
to effectively couple microcavity resonance to polarized light. A high polarization ratio of 176 has been achieved from
the polarized OLEDs. Moreover, highly aligned single-crystalline molecules with small tilted orientation angles to
the crystal surface result in a high outcoupling efficiency for surface-emitting crystal OLEDs. A maximum luminance
of 6122 cd/m” and current efficiency of 1.86 cd/A were achieved, which are among the best performances for crystal
OLEDs. This work may lead to a new strategy for simultaneously enhancing the polarization ratio and efficiency of
polarized OLEDs and promote their development in various optical and optoelectronic applications. © 2022 Optical
Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Polarized emission, particularly linearly polarized emission from
organic light-emitting devices (OLEDs) has gained increasing
interest for a variety of potential applications, such as optical infor-
mation storage, ultra-sensitive photodetectors, anti-counterfeiting
processes, and high-contrast OLED display and 3D display [1-
5]. In the case of OLED display, a polarized anti-glare filter is
usually employed to reduce glare, leading to 50% power loss of
OLEDs [1]. An extra linear polarizer is required for application of

to realize polarized electroluminescence (EL) [8-13]. The key
parameter of a polarization ratio (PR) is usually employed to char-
acterize the performance of polarized OLEDs and can be defined
as PR = Ity /I1g, where Ity and It are intensities of transverse-
magnetic (TM) and transverse-electric (TE) polarized emission at
the same wavelength [12]. For example, linearly polarized OLEDs
with a PR of 60.8 have been obtained by integrating a metal—
dielectric nanograting as a polarizer to select TM-polarized waves
and simultaneously reflect TE-polarized waves [13]. However,

unpolarized OLED:s in stereoscopic 3D display, which also results
in almost 50% power loss [2,3]. The large power loss induced
by the use of a filter is an obstacle to achieving high efficiency,
long-term stability, and low power consumption for the OLED
display. Circularly polarized luminescence (CPL) from chiral
luminophores has arisen to directly generate circularly polarized
light, which can reduce the energy loss from a polarized filter.
However, CPL-active materials for realizing circularly polarized
OLEDs remain rare at present [6,7]. On the other hand, various
optical structures have been introduced into OLED structures
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polarized emission enabled by external optical structures suffers
the disadvantages of a complex fabrication process and precise
control of parameters for optical structures. In contrast, intrin-
sically polarized emission by using uniaxially oriented emissive
materials in OLEDs, such as liquid crystalline oligomers or poly-
mer incorporated in emissive layers, is more easily obtained. Since
the pioneering discovery of linearly polarized EL emission from
OLEDs by employing stretch-oriented conjugated polymers,
polarized EL emission with a PR of 2.5 by utilizing ordered films
of at-sexithiophene and a PR of 51 using oriented films of S-phase
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poly(9,9-dioctylfluorene) have been demonstrated [11,12].
However, treatment approaches such as rubbing, stretching, or
shearing of films are usually required to obtain uniaxial alignment,
which possibly deteriorates the optoelectronic properties of the
films. In addition, the efficiency of intrinsically polarized OLEDs
is limited by the unsatisfied optoelectronic properties of uniaxially
oriented materials.

Organic single crystals with anisotropic nature are promis-
ing active materials for intrinsically highly polarized OLEDs
without any subsequent treatment required [14—18]. Especially,
benefiting from the high fluorescence and carrier mobility of
organic single crystals, high efficiency is expectable for polarized
OLEDs. Recently, Ma ez al. reported polarized photolumines-
cence (PL) using a uniaxially oriented molecular crystal with high
single-crystalline quality [14,18]. Ding ez al. have demonstrated
intrinsically polarized EL from o, w-bis(biphenylyl)terthiophene
(BP3T) crystal OLEDs with a PR of five [15]. Although much
effort has been made to realize polarized emission from organic
single-crystal OLEDs, so far, their PRs are still far from the require-
ments for practical applications (over 30 ~ 40) [19]. Well-defined
molecular alignment is the unique feature of organic single crys-
tals, which contributes to their higher thermal stability, carrier
mobility, and quantum efficiency compared to amorphous mate-
rials. Especially, benefiting from the high fluorescence quantum
efficiency and carrier mobility of organic single crystals, high
performance and device efficiency are expectable for polarized
OLEDs based on organic single crystals [20,21]. Polarization of the
photons emitted from crystals depends on molecular alignment.
The aligned molecular orientation is preferred for highly polarized
emission from crystals. On the other hand, the orientation of
molecular transition dipoles determined by molecular alignment
has a major impact on the light outcoupling of OLEDs [22-24].
The vertical orientation of molecular transition dipoles to the crys-
tal surface results in horizontal propagation of emitted light, which
is largely trapped in forms of waveguide (WG) modes or surface
plasmon-polariton (SPPs) modes. Therefore, both polarization
and outcoupling of emitted light depend on molecular alignment.
Recently, polycrystalline phosphorescent films have been uti-
lized to realize high-efficiency OLEDs because of their preferred
horizontal molecular dipoles [25-28]. However, in the case of an
organic single crystal with uniaxial orientation and anisotropic
nature, neither polarization nor outcoupling of emitted light has
been fully discussed for single-crystal OLEDs, and it remains a
challenge to simultaneously realize high PRs and high efficiency
from single-crystal OLED:s.

In this paper, highly polarized OLEDs with high polarization
and high efficiency, and without any subsequent treatment are
demonstrated by employing a cyano-substituted organic single
crystal [2,5-bis(4-cyanobiphenylyl-4-yl)thiophene, BP1T-CN].
The highly aligned molecular orientation of BP1T-CN single
crystals results in its intrinsically polarized PL with a high PR of
eight. To achieve highly polarized EL from OLEDs with BP1T-CN
as the active layers, a microcavity was constructed in the OLED
structure to amplify EL polarization by coupling microcavity
resonance with polarized light. A high PR of 176 was obtained
from BPIT-CN single-crystal OLEDs. Besides the high PR,
BP1T-CN OLED:s exhibit high EL performance with a maximum
luminance of 6122 cd/ m?, current efficiency of 1.86 cd/A, and
external quantum efficiency (EQE) of 1.44%, which are among
the best performances of single-crystal OLEDs. The efficient light

outcoupling induced by the favorable orientation of molecular
transition dipoles of BP1T-CN single crystals contributes to the
high EL performance.

2. RESULTS AND DISCUSSION
A. Growth and Characteristics of Single Crystals

Here, we choose BP1T-CN single crystals for the polarized
OLEDs, because its highly aligned molecular orientation is benef-
cial to highly polarized and efficient emission from single-crystal
OLEDs. Another thiophene/phenylene co-oligomer (TPCO) 2,5-
bis(4-biphenylyl-4-yl)thiophene (BP1T) with similar molecular
structure was employed for comparison. BP1T-CN is recognized as
a derivative of BP1T with cyano groups at the molecular terminal
of BPIT [29-33]. The main difference between the single crys-
tals of BP1T-CN and BP1T is their molecular alignment, so that
the influence of molecular alignment on the EL polarization and
efficiency of single-crystal OLEDs can be verified. The physical
vapor transport method was used for the growth of high-quality
organic single crystals (see details in Methods). BP1T-CN and
BP1T single crystals both exhibit slice-like morphology with
large sizes in millimeter scale and controllable thicknesses of
around 300 nm. Top-view photographs of BP1T-CN and BP1T
single crystals obtained by a fluorescence microscope are shown
in Figs. 1(a) and 1(b). Homogeneous surface emission can be
observed for the BPIT-CN single crystal, while BP1T exhibits
obvious self-waveguided edge emission.

X-ray diffraction (XRD) measurements were carried out to
determine the crystallography of BP1T-CN and BP1T single crys-
tals (see Supplement 1 Fig. S1). For the BP1T-CN single crystal,
peaks at 10.68° and 16.00° correspond to (002) and (003) planes,
which agree with the reported triclinic crystal system (2 = 3.844,
b=16.15A, ¢=18.02A,0 =111.87°,8=94.27°,y =90.43°,
space group of P — 1) [29]. The monoclinic BP1T single crystal
also presents a set of diffraction peaks with 20 degrees of 8.17°,
12.21°, and 16.25°, which can be assigned to (004), (006), and
(008) planes (2 =7.60A,6=5.82A,c =43.95A,0 =90°,8 =
93°,y =90°, space group of P2;/n) [31]. The prominent peaks
suggest the preferential [001] crystallographic orientation along
the out-of-plane direction for both BP1T-CN and BP1T single
crystals. In addition, atomic force microscope (AFM) images and
the height profiles reveal molecular-scale flatness on the crystal
surface with layer-by-layer steps of about 1.67 nm for BP1T-CN
and 2.19 nm for BP1T, respectively (Supplement 1 Fig. S1). The
thickness of the single molecular layer can be calculated according
to the Bragg equation: 2dsinf =nX, (n=1, 2...), where d is
the thickness of a single molecular layer, 0 is half of the diffraction
degree, and A is the x-ray wavelength of 1.5406 A. For BPIT-CN
crystals, the diffraction peaks (20) are located at 10.68° (n =2)
and 16.00° (n = 3). The 4 can be calculated to be 1.655 nm and
1.660 nm corresponding to (002) and (003) planes. After data
averaging, the d-spacing of the BP1T-CN crystal is determined to
be 1.658 nm with an error bar of 0.003 nm. In the same way, the
d-spacing of the BP1T crystal can be estimated to be 2.171 nm
with an error bar of 0.009 nm. The obtained 4-spacings of both
BP1T-CN and BP1T match well with the measured values from
the AFM.

The molecular alignment of these two single crystals is shown
in Figs. 1(c)-1(f). The ab-plane of both BP1T and BP1T-CN
single crystals is parallel to the surface of the single crystals. The
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Characteristics of BP1T-CN and BP1T single crystals. Top-view photographs of the (a) BP1T-CN and (b) BP1T single crystals obtained under

UV light irradiation by a fluorescence optical microscope. Insets in (a) and (b) show molecular structures of BP1T-CN and BP17T, respectively. Packing
motifs of (c) BP1T-CN and (d) BP1T single crystals in 4¢-plane. Packing motifs of (¢) BP1T-CN and (f) BP1T single crystals in 2 -plane.

BP1T-CN molecules are packed intertwining along the crystal
a axis with a high molecular orientation to the #6-plane, while
BP1T takes perfectly perpendicular molecular orientation to
the crystal 24-plane. For TPCOs, the transition dipole moment
between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) is oriented parallel
to the molecular long axis [29]. Therefore, the transition dipole
moments of BP1T are almost perpendicular to the 2 6-plane with
an angle of 89° to the 2 6-plane [Fig. 1(d)], and the angle is greatly
decreased to 22° for BP1T-CN single crystals [Fig. 1(c)]. The
orientation of the transition dipole moments to the crystal surface
determines the direction of light emitted from the crystals, which
is surface emission for BPIT-CN and edge emission for BP1T
single crystals as shown in Figs. 1(a) and 1(b). On the other hand,
the co-facial stacking of BP1T-CN molecules results in a highly
aligned molecular orientation in the 2 6-plane [Fig. 1(e)], while it
is typically herringbone-like molecular packing for BP1T single
crystals [Fig. 1(f)]. The projection of transition dipole moments
into the @ 6-plane for BP1T-CN is indicated in Fig. 1(e). Its orien-
tation is defined by the angle with respect to the & axis, which is 20°
for BP1T-CN, while the projection of transition dipole moments
into the 2 6-plane is negligible for BP1T because of their upright
orientation to the 2 6-plane with an angle of 89° [Fig. 1(f)].

B. Polarized PL Characteristics of Single Crystals

Single crystals of organic semiconductors with long-range periodic
order possess intrinsic anisotropy of electrical and optical prop-
erties [12,34]. First, the non-polarized PL spectra of BP1T and
BP1T-CN single crystals were measured and shown in Supplement
1 Fig. S2, which indicates the peak wavelength of 497 nm for
BP1T-CN and 531 nm for BPIT single crystals, respectively.
The PL of the BPIT-CN and BPIT in solution is blueshifted
compared to that in single-crystal form, implying the existence
of intermolecular interaction in the solid-state aggregated states
(see Supplement 1 Fig. S2). Polarized PL measurements were then
carried out to investigate the optical anisotropy of BP1T-CN and

BP1T single crystals. Polarized PL spectra from the single crystals
were collected using an optical setup schematically illustrated in
Fig. 2. As shown in Figs. 2(e) and 2(f), the excitation laser with
a wavelength of 400 nm was perpendicularly incident onto the
crystal 2 b-plane, and a linear polarizer parallel to the crystal plane
was placed between the detector and crystals. Owing to their
well-defined crystalline structure, transition dipole moments of
BP1T-CN and BP1T molecules are in highly ordered alignment
inside the crystals and lie along the molecular long axes as shown
in Figs. 1(c)-1(f). By rotating the linear polarizer, the maximum
intensity of the polarized PL is obtained while the polarizer lies
along the molecular transition dipoles. Then, the angle of the linear
polarizer can be used to determine the orientation of transition
dipole moments. For BP1T-CN, the maximum and minimum
intensities of polarized PL were observed while the polarizer was
set parallel or perpendicular to the direction of molecular tran-
sition dipoles projected in the @b-plane, corresponding to TM
and TE polarizations, respectively. In the case of the BP1T single
crystal, the maximum and minimum intensities of polarized PL
were observed while the polarizer was set parallel to &- or -axis
in ab-plane, corresponding to TM-polarized and TE-polarized
light, respectively. TM- and TE-polarized PL spectra from BP1T-
CN and BPIT single crystals are shown in Figs. 2(a) and 2(b).
Figures 2(c) and 2(d) show the angle-resolved polarized PL inten-
sity at the peak wavelength of 497 nm for BP1T-CN and 531 nm
for BP1T single crystals, respectively, and the corresponding polar
diagrams are shown in Supplement 1 Fig. S3. The TM-polarized
PL shows a much higher intensity for BP1T-CN single crystals,
and correspondingly, a much brighter TM-polarized surface emis-
sion can be observed [insets in Figs. 2(a)]. The PR for the TM to
TE polarization is eight for the BP1T-CN single crystal, which is
four times as high as that of BP1T with a value of two. The higher
polarized PL from BP1T-CN single crystals can be attributed to its
remarkable anisotropic properties induced by their highly aligned
molecular orientation.
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Fig. 2. Polarized PL characteristics of single crystals. Polarized PL spectra from (a) BP1T-CN and (b) BP1T single crystals. Insets in (a) and (b) show

polarized fluorescence photographs of single crystals under TM and TE modes. Angle-resolved polarized PL intensity at the peak wavelength of 497 nm
for (c) BP1T-CN and 531 nm for (d) BP1T single crystals. Schematic diagram of measurement setup for polarization-dependent PL and EL spectra from

(e) BP1T-CN and (f) BP1T single crystals and single-crystal OLEDs.

C. Polarized EL Characteristics of Single-Crystal
OLEDs

The highly polarized PL from the BP1T-CN single crystal indi-
cates its great potential for highly polarized OLEDs. OLEDs
with the BP1T-CN single crystal as the active layer were fabri-
cated with the top-emitting structure of Ag (200 nm)/ MoOs3
(10 nm)/ 4, 4'-cyclohexylidenebis[ N, N-bis(4-methylphenyl)

benzenamine] (TAPC, 70 nm)/BP1T-CN single crystal/2, 2'2"-

70 nm)/Ca (10 nm)/Ag (20 nm)/N, N'-di-(naphthalen-1-yl)-
N, N'-diphenyl-benzidine (NPB, 60 nm) [Fig. 3(a)]. Herein,
MoOs3 as the buffer layer was employed to realize effective
carrier injection and transport [35-38]; TPBi was the electron-
transporting layer [39,40] and TAPC was the hole-transporting
and electron-blocking layer [41]. The NPB layer deposited on the
Ca/Ag cathode acts as a capping layer to enhance light transmission
from the metallic electrode. OLEDs using BP1T single crystals as

(1,3,5-benzinetriyl)-tris(1-phenyl-1- H-benzimidazole) ~ (TPBj, the active layer were fabricated with the same device structure for
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Fig. 3.

Polarized EL characteristics of single-crystal OLEDs. (a) Device configuration of single-crystal OLEDs with top-emitting structure. Polarized EL

spectra from (b) BP1T-CN and (c) BP1T OLED:s. Insets in (b) and (c) show photographs of the operating OLEDs under TM and TE polarizations, respec-
tively. (d) EL polar diagram of BP1T-CN OLEDs. Polarization angle-EL intensity characteristics of (¢) BP1T-CN and (f) BP1T OLED:s.
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comparison. The hole and electron mobilities of the BPIT-CN
single crystal perpendicular to the #b-plane can be determined
based on time-of-flight (TOF) measurements and calculated to be
about 5.70 x 10™% and 1.66 x 1073 cm? V™! 5!, respectively,
which are comparable to the reported hole mobility for BP1T
single crystal [32]. The measured TOF transient photocurrent
spectra and calculation method for the extraction of hole and
electron mobility are presented in Supplement 1 Fig. S4. The
polarized EL spectra and angle-resolved polarized EL intensity
at the peak wavelength of 493 nm for BP1T-CN and 524 nm
for BPIT single-crystal OLEDs were measured with the same
setup as that of the polarized PL measurements and are shown in
Figs. 3(b)-3(f). The corresponding polar diagrams of the EL inten-
sity as a function of the polarization angle are shown in Fig. 3(d)
and Supplement 1 Fig. S5. The TM-polarized EL from BP1T-CN
OLEDs exhibits spectra similar to that of non-polarized EL in
both intensity and the positions of the emission peaks, while the
TE-polarized EL became almost extinct [Fig. 3(b)]. The PR of
TM/TE for BP1T-CN OLEDs is 176 at the peak wavelength of
493 nm. The EL at the other two peak wavelengths of 464 nm
and 563 nm also exhibits high PRs of 50 and 110, respectively. In
contrast, BP1T OLEDs showed a much lower PR of 10 at the peak
wavelength of 524 nm. Photographs of the operating OLEDs with
TM and TE polarizations shown in the insets of Figs. 3(b) and 3(c)
confirm the large variation of polarization performance between
BP1T-CN and BP1T OLEDs. Bright TM-polarized EL and weak
TE-polarized EL can be observed from BP1T-CN OLEDs, while
there is no obvious difference in the EL brightness between TM
and TE polarizations for BP1T OLEDs. The PL from BP1T single
crystals and EL from BP1T OLEDs show comparable PRs of
two and 10, respectively. However, it should be noted that the EL
from BP1T-CN OLEDs with a PR of 176 is much higher than
that of the PL PR of eight from BP1T-CN single crystals, which is
enhanced by 22 times. Single-crystal OLEDs consisting of a reflec-
tive bottom metallic electrode and a semitransparent top metallic
electrode will establish a microcavity structure [23,42-46]. The
much higher polarized EL compared to PL can be attributed to the
microcavity effect in single-crystal OLEDs.

To verify the microcavity effect in BP1T-CN OLEDs, angle-
resolved EL spectra were measured without a linear polarizer by
changing the observation angles from 0° to 60° with respect to
the normal direction of the device surface. The EL emission peaks
towards the short wavelengths with increasing observation angles
[Supplement 1 Fig. S6(a)]. Numerical simulations were performed
to interpret the experimental results. We applied a dipole model
method [47] to calculate the dissipated power spectra of the device
for TM- and TE-polarized light at different observation angles
(see Methods). The polarized reflectance spectra of BP1T-CN and
BP1T single crystals were measured to calculate their anisotropic
refractive indices (Supplement 1) [48-51]. The fitting method for
anisotropic refractive indices of single crystals are presented with
details in Supplement 1 Fig. S7. They are 4.2 and 1.8 for BP1T-
CN, along the axes parallel and perpendicular to the projection
of transition dipoles in the a4-plane, respectively, and 1.6 and
1.8 for the BP1T single crystal along the 2 and 4 axes in the 2 6-
plane. Large refractive indices beyond the value of four have been
observed in TPCO crystals, which can be ascribed to their highly
aligned molecular orientation in single crystals [48—51]. The mea-
sured refractive indices of BP1T crystals are in coincidence with
previous reports [33]. The highly aligned molecular orientation

of BP1T-CN in the 24-plane results in its significant anisotropic
properties compared to the BP1T single crystal. The resonant
peaks in the calculated spectra can be attributed to the microcavity
mode. The TM and TE dispersion curves obtained from angle-
resolved EL measurements and calculated results by using a dipole
model method are presented in Supplement 1 Fig. S6(b), where the
resonant wavelengths were found to shift to blue with increasing
observation angles. This is a typical feature of microcavity reso-
nance [23,44-46]. The numerically obtained dispersion relations
match well with experimental measurements, indicating that the
blueshift of the EL emission as well as the appearing peaks result
from the microcavity effect in single-crystal OLED:s.

D. Calculated Dissipated Power Spectra and Electric
Field Intensity Distributions of Single-Crystal OLEDs

The microcavity effect plays an important role in achieving
EL with a high PR from BP1T-CN OLEDs. As can be seen in
Fig. 3(b), the measured EL spectra under TM and TE polarizations
are different in the normal direction of BP1T-CN OLED:s. There
are three microcavity resonant peaks for TM polarization but
two resonances for TE polarization, and these peak wavelengths
are obviously different from each other. The variation in reso-
nant wavelengths can be attributed to the large variation in their
refractive indices (4.2 and 1.8) for TM and TE polarizations. The
calculated dissipated power spectra at normal angles with TM
and TE polarizations for both BP1T-CN OLEDs are shown in
Fig. 4(a). The resonant wavelength of microcavity modes is deter-
mined by the cavity length, which depends on the crystal thickness
for crystal OLED:s. The crystal thickness is precisely chosen during
device fabrication for matching the microcavity resonance with the
PL emission peak. Considering the PL peak wavelengths of ~493
and ~524 nm for BP1T-CN and BP1T crystal, the thicknesses of
BP1T-CN and BP1T were selected to be 600 nm and 690 nm in
single-crystal OLEDs, respectively, for the coincidence of micro-
cavity resonance with PL peak wavelengths of the two crystals. It is
known that light emission can be highly enhanced by the Purcell
effect in the microcavity structure under the resonant conditions;
therefore, TM-polarized light can be efficiently emitted at the peak
wavelength of 493 nm. In the case of TE polarization, no micro-
cavity resonance is supported at the same wavelength, so that the
corresponding TE-polarized light emission is greatly suppressed.
Therefore, the high PR of 176 at the wavelength of 493 nm can be
achieved. This high PR is also explained in Fig. 4(b) by showing
the calculated TM-polarized electric field intensity distributions
inside the device as a function of wavelength (horizontal axis). The
three field enhancement regions correspond to three microcavity
resonances at which the generated dominated TM-polarized light
(see the dipoles in the inset) can be enhanced and outcoupled. The
measured EL spectra and calculated dissipated power spectra at
normal angles under TM and TE polarizations for BP1T OLEDs
are shown in Supplement 1 Fig. S8. Although the microcavity
effect also exists in BP1T OLEDs, the small variation between the
refractive indices along 2 and 4 axes makes very little difference in
the emission ratio of TM- and TE-polarized light and therefore a
much lower PR (~10 at the 524 nm).

To further verify the effect of the microcavity on the large
PR, another single-crystal OLED with a weak cavity structure
was constructed with top-emitting and inverted structure of Ag
(200 nm)/Ca (10 nm)/TPBi (35 nm)/BP1T-CN or BP1T single
crystal/TAPC (40 nm)/MoO3 (5 nm)/Au (8 nm) [Supplement 1
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Fig. 4. (a) Measured EL spectra and calculated dissipated power spec-

tra at normal angle with TM and TE polarizations for BP1T-CN OLEDs.
(b) Calculated TM-polarized electric field intensity distributions inside
BP1T-CN single-crystal OLEDs at different wavelengths.

Fig. S9(a)]. Here, the microcavity effect is very weakened by using
an ultra-thin Au layer with high optical transparency of 77.4% as
the top anode [52]. Figures S9(b) and (c) (see Supplement 1) show
the polarization-dependent EL spectra of single-crystal OLEDs
with weak cavities. We also performed numerical simulations
of TM-polarized light to calculate the radiated power spectra
(Supplement 1 Fig. $10). To achieve the coincidence of micro-
cavity resonance with the PL peak wavelength of BP1T-CN, the
thickness of BP1T-CN was selected to be around 525 nm in weak-
microcavity BP1T-CN OLEDs. As expected, the PRs for polarized
EL emission are much lower than that from strong-microcavity
OLEDs, which were measured to be 20 at the wavelength of
525 nm for BPIT-CN and less than two at the wavelength of
495 nm for BP1T OLEDs [Supplement 1 Figs. S9(d), (e) and
Fig. S11]. Therefore, we can conclude that both the anisotropy
properties of BP1T-CN single crystals and microcavity effect of
the OLED structure contribute to the high EL PR from BP1T-CN
OLED:s.

In particular, the quality factor is an important parameter to
judge the quality of a microcavity. It can be calculated by the equa-
tion [53] Q =A/AA\, where X is the peak wavelength, and A is
the value of full width at half maximum. The calculated Q values of
these BP1T-CN OLEDs with strong microcavities are higher than
those of BP1T OLEDs and BP1T-CN OLEDs with weak micro-
cavities (Supplement 1 Table S1). These results prove directly that
the huge increase in PR and EL amplification of BP1T-CN OLEDs
is attributed to the high anisotropy of the BP1T-CN crystal as well
as the microcavity induced Purcell effects [44-46,51].

Vol. 9, No. 1 / January 2022 / Optica 126

E. EL Performances of Single-Crystal OLEDs

It is known that the transition dipole orientation of emitting
molecules influences the outcoupling efficiency of OLED:s.
Considering the highly ordered molecular alignment of organic
single crystals, the transition dipole orientation is one of the key
factors to determine the EL performance of single-crystal OLED:s.
The EL performance of single-crystal OLEDs based on BP1T and
BP1T-CN single crystals are shown in Figs. 5(a)-5(c). The maxi-
mum luminance, current efficiency, and EQE of 6122 c¢d/m?,
1.86 cd/A, and 1.44%, respectively, were obtained from BP1T-CN
OLEDs, while they are 290 cd/m?, 0.12 cd/A, and 0.2%, respec-
tively, for BP1T OLEDs. BP1T-CN OLEDs exhibit much better
EL performance than that of BP1T OLEDs with more than one
order of magnitude enhancement in both brightness and current
efficiency. Table 1 summarizes the EL performance of polarized
OLEDs based on various emitting materials highlighting the
key criteria of PR. As can be seen in Table 1, BP1T-CN crystals
show great potential for realizing polarized OLEDs with high EL
efficiency and high PR.

The light emitted from dipoles is trapped in single crystals in
the form of WG mode or at the metallic electrode/organic interface
in the form of SPPs, except that directly outcoupled to air. The
power coupling ratio as a function of the dipole orientation angle
for OLEDs was calculated at a non-resonant wavelength of 500 nm
without loss of generality, which can verify the dependence of the
outcoupling efficiency on the orientation of the emitting dipole
[Fig. 5(d)]. The power coupling ratios in different channels are
found to highly depend on the dipole orientation angles. This
is due to the fact that most of the light emitted from transition
dipoles will propagate along the direction perpendicular to that
of the dipole moments. In this way, a small angle will dramatically
lower the coupling efficiency to SPPs and simultaneously increase
the outcoupling efficiency to air, which is obviously beneficial to
device efficiency. This is exactly the case of the BP1T-CN single
crystal with a tilted orientation angle of 22°, which corresponds to
50% outcoupling efficiency. In the case of the BP1T single crystal
with upright molecular dipole orientations, the coupling ratio to
air drops to almost zero. Therefore, the highly aligned molecular
orientation with the small tilted orientation angle to the crystal
surface of the BP1T-CN is a benefit to not only the high PR but
also the high outcoupling efficiency of surface-emitting BP1T-CN
OLED:s.

Table 1. Comparison of EL Performance of Reported Polarized OLEDs Based on Various Emitting Materials in
Different Crystalline Types

Crystalline Type Materials Luminance (cd/m?) Current Efficiency (cd/A) EQE (%) Polarization Ratio (TM/TE) Ref
Nano crystalline CdSe/CdS 170 0.24 [-] ~1.5 [17]
Amorphous PBO [-] -] [-] 1.6 [8]
Poly crystalline aT6 [-] -] 0.001 2.5 [11]
Amorphous F8BT 150 -] [-] 5 (4]
Single crystalline BP3T 5 -] 0.00024 5 [15]
Liquid crystalline PFO 700 0.14 [-] 29 [9]
Amorphous N-phase PFO [-] 1 [-] 45 [12]
Liquid crystalline ~ B-phase PFO [-] 2 [-] 51 [12]
Single crystalline BP1T 290 0.12 0.2 10 This work
Single crystalline BP1T-CN 6122 1.86 1.44 176 This work
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efficiency characteristics of OLEDs. (d) Calculated power coupling ratio as a function of dipole orientation angle.

3. METHODS

Single-crystal growth: BP1T powder was supplied by Tokyo
Chemical Industry and used without any treatment. BP1T-CN
was synthesized and purified according to published reports [30].
Crystal growth was carried out through the method of physical
vapor transport as the following procedure. Molecular powder
was first placed in a horizontal tube furnace and purged with
pure Ar gas flow. The sublimation temperature, crystallization
temperature, and Ar gas flow were precisely controlled for both
BP1T (330°C, 290°C, and 38 ml/min) and BP1T-CN (380°C,
340°C, and 56 ml/min). By heating for about 4 h, thin plate-like
crystals can be obtained at the tube wall. Crystals can be picked up
using anti-static tweezers and transferred to arbitrary substrates for
further measurements and device fabrication.

OLEDs fabrication: basic fabrication for single crystal-based
OLEDs was described in our previously published literature [35—
38]. First, we selected a grown single crystal and transferred it onto
the octadecyltrichlorosilane (OTS)-treated SiO,/Si substrates.
Thereafter, the multilayers, including NPB, TPBi, and cath-
ode (Ca/Ag) layers, were thermally deposited onto high-quality
crystals at a controlled rate (1 A/s) under a high vacuum level of
1 x 1074 Pa. Then, alittle drop of photoresist (NOAG63, Norland)
was dropped onto the crystal surface and flattened by a piece of
glass substrate. After 15 min of exposure to UV light, thin NOA63
polymer film was cured, and then the device was peeled off from
the OTS/ SiO,/ Si substrate and transferred to a clean glass sub-
strate. The TAPC, MoO3, and anode (ultra-thin Au or Ag) layers
were respectively deposited onto the opposite side of the crystal.
The active area of completed devices was 200 um x 300 pm.

Coupling ratio calculation: a dipole model was applied to
calculate the power coupling ratio in our device as a function of
the dipole orientation angle. In the model, vertical and horizontal

dipoles are assumed to be located in the active layer. The outcou-
pled power density, namely, for vertical dipoles coupling to TM
waves, is defined as K1yy, while Kty and Krgp are those for
horizontal dipoles coupling to TM and TE waves, respectively.
These power densities can be calculated via [47]

o (I+afy)A+apy) ]

V1 —u? 1 —amm 1’

3
KTMv = ERC [

Ktvmn = éRe i - ﬂ%rM)(l — d;M)_
4 1—u? 1 —arm

1 + 1 =
KTEhzzRe I:um( +ﬂTE)( +‘ZTE) ’ (1)

1—arg

where # is related to the parallel wave vector, and a7y and atg
are related to the reflection coefficients on the top and bottom
interfaces of the active layer, respectively. In this method, the key
process is the coefficients’ determination of @y and a1g, which
can be obtained using an anisotropic transfer matrix method. The
anisotropic transfer matrix method can be employed to calculate
the transmission, reflection, and absorption of light in multilayer
structures.

Anisotropic transfer matrix method: a brief process is to first
write the electric and magnetic fields in each layer as forward-
propagating and backward-propagating waves in the exponential
form. Then we use the boundary condition at each interface
between two layers (i.e., the tangential components of electric
and magnetic fields are continuous) to construct a matrix relation
between adjacent layers. By transferring the matrix from the first
layer to the last layer, we can establish a matrix to calculate the
amplitudes of the electric and magnetic fields in all layers, based
on the incidence in the first layer. These amplitude coefficients are
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finally used to calculate the transmission, reflection, and absorp-
tion of light in this multdlayer structure. In the calculation, the
thickness and refractive index of each layer are needed. Since the
refractive index of the crystal layer is anisotropic, this method is
known as the anisotropic transfer matrix method. Here we take the
strong-microcavity BP1T-CN device for example. To determine
a;M (aT+E), we consider a structure: crystal/TPBi (70 nm)/Ag
(20 nm)/NPB (60 nm)/Air, where the refractive index of TPBiand
NPB is set to be 1.7, while that of Ag is calculated from the Drude
model. To determine a{fM(a}FE), on the other hand, we consider
a structure: crystal/ TAPC (70 nm)/Ag (80 nm)/glass, where the
refractive index of TAPC is chosen as 1.7. The thickness of the
crystal layer is set to be 600 nm. After obtaining these coefficients,
the radiated power can simply be calculated via the sum of these
contributions [47]:

Krvm = [(TMVsin29 + KTth0520, Ktg = KTEhCOSZQ, 2)

where 6 is the titled angle of the dipole in our device (e.g., 6 = 22°
for the BP1T-CN device; 8 = 89° for the BP1T device).
Characterizations: optical photographs of single crystals were
collected through widefield fluorescence microscopy under UV
light irradiation. An x-ray diffractometer was employed to record
the XRD patterns under a scanned mode from 5° to 20° (20)
(Rigaku, D/max-rA). The surface morphology of organic single
crystals was scrutinized by AFM in a tapping mode (Bruker). PL
spectra were carried out using a fluorescence spectrophotometer
(Hitachi, F-4600). EL characteristics of the single-crystal OLED
devices were performed by a PR-788 extended dynamic range
spectroradiometer with the assistance of Keithley 2400 source
meters. The crystallographic data of the crystal structures were
downloaded free of charge from the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.

4. CONCLUSION

In summary, highly polarized and efficient single-crystal OLEDs
have been demonstrated by using the single crystal of BP1T-CN
with highly aligned molecular orientation as the active materials.
The PR of TM/TE was dramatically increased from eight for the
polarized PL emitted from BP1T-CN single crystals to 176 for the
polarized EL emitted from BP1T-CN OLEDs. Both experimental
resultsand theoretical simulations confirm that the EL polarization
was amplified by coupling microcavity resonance to polarized
light through precisely constructing a microcavity in the OLED
structure. In addition, the highly aligned molecular orientation
of BPIT-CN is beneficial to the high outcoupling efficiency of
surface-emitting BP1T-CN OLEDs. Therefore, the maximum
luminance of 6122 cd/m”, current efficiency of 1.86 cd/A, and
EQE of 1.44% were achieved for BP1T-CN single-crystal OLED:s.
The in-depth exploration of the mechanism and optimization of
polarized OLEDs based on organic single crystals paves the way for
practical applications of organic single-crystalline materials in the
field of organic electronics and optoelectronics.
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