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ABSTRACT: Although quasi-two-dimensional (quasi-2D) per-
ovskites are ideal material platforms for highly efficient linearly
polarized electroluminescence owing to their anisotropic crystal
structure, so far, there has been no practical implementation of
these materials for the demonstration of linearly polarized
perovskite light-emitting diodes (LP-PeLEDs). This scarcity is
due to difficulty in orientation and phase distribution control of
the quasi-2D perovskites while minimizing the defects, all of
which are required to manifest aligned transition dipole
moments (TDMs). To achieve this multifaceted goal, herein,
we introduce a synergistic strategy to quasi-2D perovskites by
incorporating both a trimethylolpropane triacrylate anchoring
layer and 18-Crown-6 molecular passivator into the film
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fabrication process. It is found that the interfacial anchoring layer guides the oriented growth of perovskites along the
(110) plane, whereas the molecular passivator reduces the number of defects and homogenizes the crystal phase. As a result, a
quasi-2D perovskite film with macroscopically aligned TDM that renders high radiative recombination and the degree of linear
polarization (DoLP) is constructed. This “coherence-programmed emission layer” demonstrates highly efficient LP-PeLEDs,
not only achieving a maximum external quantum efficiency of ~23.7%, a brightness of ~36,142 cd/ m?, and a DoLP of ~38%,
but also significantly improving the signal-to-interference-and-noise ratio in a multicell visible light communication system.

KEYWORDS: quasi-2D perovskites, light-emitting diodes, linearly polarized, oriented growth, passivation

INTRODUCTION

Linear polarization of electroluminescence (EL) from light-
emitting diodes (LEDs) is essential in emeriging applications
such as holographic stereoscopic imaging, ~ visible light
communication (VLC),® and so on.”® To develop linearly
polarized LEDs, great efforts have been made either on
integration of optics elements (e.g., waveguides’ or polarizer”)
outside the LEDs or modifications of luminescent materials
(e.g, using magnetic atoms'® or auxiliary layer''). However,
these strategies not only result in the complex designs of
optical systems and their meticulous manipulation but also
cause severe light loss in operation. These considerably curtail
the actual LED’s efficiency, which subsequently limits the
imaging quality of polarized light.

An effective solution is to use luminescent materials with
intrinsic polarization characteristics. Metal halide perovskites
have recently become rising stars in LED technologies,
demonstrating outstanding performances owing to their
excellent optoelectronic properties.””™'® Another advantage
of these promising materials stems from their feasibility in
dimensional tailoring of the crystals that bestow the structural
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anisotropy.'”~>* These anisotropic structures manifest the 4¢
coherent alignment of radiative transition dipole moments 47
(TDM:s) along the longitudinal axis, thereby leading to linearly 43
polarized light emission.”® From this perspective, indeed, 4
progress has been realized in various low-dimensional so
perovskite nanomaterials manifesting distinct linearly polarized
photoluminescence (PL), such as nanowires,”"***

sheets,”® and so on.””** However, it is still challenging to
demonstrate high performances in linearly polarized EL—
achieving both high efficiency and degree of linear polarization
(DoLPs)—from the perovskite-based LEDs (PeLEDs) with
such low-dimensional nanostructures.”® Up to date, the
maximum external quantum efficiency (EQE,,) and max-
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Figure 1. (a) FTIR spectra of TMTA films before (gray) and after (blue) annealing. The gray rectangular areas indicate the characteristic
vibration peaks of TMTA. (b) Water contact angles of PVK and PVK/TMTA films. (c) Most stable periodic grid structure formed by cross-
linking of TMTA monomers with the lowest formation energy. (d) Lattice structure of the (110) plane in CsPbBr;. (e) FTIR spectra of neat
TMTA and TMTA/PEA,Cs,_,Pb,Br;,,, films. (f) Pb 4f core-level XPS spectra of neat TMTA and TMTA/PEA,Cs,_,Pb,Br;,,, films. (g)
Schematic illustration of oriented growth of perovskite along the (110) direction by the TMTA anchoring layer.

imum luminance (L,,,,) of reported linearly polarized perov-
skite light-emitting diodes (LP-PeLEDs) based on mechan-
ically rubbing-aligned CsPbBr; nanowires,” thickness-con-
trolled CsPbBr; single-crystal thin film,>® and oriented
superlattice CsPbl; nanosheets™ are all below ~4% and
~4000 cd/m? respectively, making them far from the practical
applications.

Quasi-two-dimensional (quasi-2D) perovskites, where the
inorganic lattices are dimensionally confined within the planar
space by molecular cations, are ideal material platforms for
realizing polarized emission owing to their intrinsic structural
and emission anisotropies. Additionally, quasi-2D perovskites
exhibit high emission quantum yields attributed to high exciton
binding energy and ultrafast energy/carrier funneling proper-
ties.”' 7" Together with their synthetic feasibility in the
solution process as well as outstanding phase stability, it is
anticipated that the use of quasi-2D perovskites offers high-
performance LP-PeLEDs. Notwithstanding, such an oppor-
tunity has not been explored so far due to the (i) random-
oriented crystal packing,*>*® (i) emergence of multiple 2D
perovskite phases, and (iii) high defect densities in this
materials system,36 while factors (i) and (i) impede the
coherent alignment of emission TDMs, and the latter
electrostatically shields the local TDMs.”” As a consequence,
the macroscopic coherence of TDM:s across the perovskite thin
films is dissipated unless all of these drawbacks are

concurrently resolved, thereby leading to great difficulty in
realizing linearly polarized EL.

To deal with this multifaceted problem, herein, we
systematically program the coherence of TDMs in quasi-2D
perovskites by implementing a synergistic crystal growth
management approach. Primarily, we introduce cross-linked
trimethylolpropane triacrylate (TMTA) as a lattice anchoring
layer, which rigidly templates the oriented growth perovskite
crystal lattice along the (110) direction by offering similar
interfacial lattice constant while mitigating phase heterogene-
ities. Second, we use a molecular additive 18-Crown-6 into the
precursor solutions, not only passivating the uncoordinated
Pb*>* defects on the perovskite surface through Lewis
interactions but also homogenizing the phase distribution via
promoted growth of the medium-n (n > 4) 2D phases. This
two-step strategy allows for the establishment of coherent
TDM alignment across the quasi-2D perovskite thin films, thus
offering high DoLPs and a high radiative recombination rate of
medium-n 2D phases.

Implementation of the “coherence-programmed” lumines-
cent thin films to PeLEDs indeed demonstrates high
performances in linearly polarized EL operations, achieving
EQE, .o Lnmw and DoLP of ~23.7%, ~36,142 cd/m? and
~38% respectively. Specifically, to best of our knowledge, this
represents the highest efficiency of LP-PeLEDs reported to
date (Table S1).”****%** Also, upon utilization as active light
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Figure 2. GIWAXS patterns of (a) P1 and (b) P2 samples. (c) Azimuthal profile of (110) and (200) planes of P1 and P2 samples. (d)
Schematic illustration showing the angle change between the (110) and (200) planes before and after the oriented growth of CsPbBr,

crystals. (e) Polar plots of the polarized PL of P1 and P2 samples.

111 sources for multicell visible light communication (MC-VLC),
112 the LP-PeLEDs significantly improve signal-to-interference-
113 and-noise ratio (SINR) compared to the nonpolarized
114 PeLEDs.

11s RESULTS AND DISCUSSION

116 The periodic network with anchoring properties of the
117 substrates, which plays important roles in the oriented growth
118 of perovskite crystallites,”* is realized by the cross-linking of
119 the TMTA monomers. Even at a relatively low temperature of
120 ~140 °C, the cross-linking action of the TMTA monomers,
121 particularly the connection of CH,=CH groups into CH,—
122 CH,, can take place without involving detrimental effects on
123 the underlying poly(N-vinylcarbazole) (PVK) hole transport
124 layer (HTL). Fourier-transform infrared (FTIR) spectra of the
125 neat TMTA film in Figure la confirm that characteristic peaks
126 of CH,=CH including v=CH (~3107 cm™'), v=CH,
127 (~3037 cm™), and y=CH, (907 cm™') disappear upon
128 thermal annealing. It is noted that the cross-linked TMTA
129 offers a polar nature on the PVK surface due to the abundant
130 C=0 functional groups,”’ which is confirmed by the smaller
131 water contact angle of ~72.6° on the TMTA/PVK thin film
132 than ~93.3° on the PVK thin film, as shown in Figure 1b. This
133 promotes oriented, heterogeneous crystal growth that has
134 structural coherence across the film. Moreover, the cross-linked
135 TMTA is no longer soluble in dimethyl sulfoxide (DMSO)
136 (Figure S1), which ensures the stand of the TMTA film when
137 spin-coating the perovskite precursor solution on top of it.

138 The resulting periodic structures of the cross-linked TMTA
139 layer are studied by density function theory (DFT)
140 calculations. The six possible periodic networks of TMTA
141 after cross-linking are constructed with 164 atoms, which are
142 sufficiently large to keep the simulations reasonable. There-
143 after, the models are refined to the fine-optimized level, and
144 the corresponding formation energies are obtained. We
145 compared the structures and their formation energies in
146 Figure S2 and Table S2. The most stable structure with the
147 lowest formation energy is selected for studies, as shown in

Figure lc. In this structure, the spacing of adjacent C=0 is 148
found to be ~8.33 A, which has a high lattice matching rate 149
(~98%) to the neighbor Pb**-Pb** spacing ~8.202 A of the 150
(110) plane in CsPbBr; crystals (Figure 1d). 151

Given such a periodic surface from the distinct molecular 152
structure of the cross-linked TMTA layer, it can be envisaged 153
that, upon crystallization, the Pb*" of the perovskites can be 154
coordinated with C=O functional groups through Lewis 1ss
interaction. Indeed, an appreciable downshift of the C=0 1s6
stretching mode from 1735 to 1729 cm™ is observed on the 157
TMTA/PEA,Cs,_,Pb,Br;,,; film, indicating the presence of 1s8
electrostatic interaction between TMTA and perovskites 159
(Figure le). This is because the coordination of the lone 160
pairs in the C=0 bond toward Pb** is deemed to cause a 161
redistribution of electron density across the functional group. 162
Specifically, such electron donation can lower the vibrational 163
frequency of the C=0 stretching mode.”*~** 164

To gain atomic-scale insights into the chemical interaction 165
between TMTA and the perovskite, Pb 4f core-level X-ray 166
photoelectron spectroscopy (XPS) is performed on the 167
corresponding films, as shown in Figure 1f. Compared to the 168
neat PEA,Cs, Pb,Bry,,, film, the spectra of the TMTA/ 169
PEA,Cs,_,Pb,Br;,.; film shift to lower binding energy, 170
indicating the higher charge density on Pb*" by electron 171
transfer from C=O0 to Pb*".*' Given the periodic C=0- 172
functionalized surface with a lattice constant analogous to the 173
perovskite (110) surface as well as its preferential coordination 174
with uncoordinated Pb** upon crystallization, it can be 175
hypothesized that the cross-linked TMTA can promote the 176
oriented growth of perovskites along the (110) direction, as 177
schematically shown in Figure 1g. 178

To explore the crystal orientations in the 179
PEA,Cs,_,Pb,Br,,, perovskite films, grazing-incidence wide- 180
angle X-ray scatterings (GIWAXS) are performed.* Figure 2a 181 £2
shows the GIWAXS patterns of the neat PEA,Cs,_;Pb,Brs,,; 182
film (P1 sample), which exhibits three Debye—Scherrer 1s3
diffraction rings at ¢, = 1.1, 1.53, and 2.1 A~ These GIWAXS 184
patterns agree well with the X-ray diffraction peaks (Figure S3) 1ss
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Figure 3. (a) FTIR spectra for the neat 18-Crown-6 and 18-Crown-6:PbBr, films. (b) tDOS of the P2 and C2 samples. (c) "H NMR spectra
for neat 18-Crown-6 and 18-Crown-6:PEABr in deuterated DMSO. (d) Steady-state UV—vis absorption spectra of quasi-2D perovskite films
with different concentrations of 18-Crown-6. (e¢) TEM images and SAED patterns of the crystals from the C2 sample. Insets ® and @ show
the HR-TEM image and lattice fringes, respectively. (f) The schematic illustration shows the DoLP and recombination rate of small-n phase,
medium-n phase, and 3D phase perovskite crystals. (g) DoLP and PLQY of quasi-2D perovskite films with different 18-Crown-6

concentrations. (h) GIWAXS patterns of the C2 film.

at ~15.6, 21.9, and 31.0°, corresponding to the (100), (110),
and (200) planes of PEA,Cs,_,Pb,Br;,,; crystals, respec-
tively.** The isotropic and uniform intensity profiles of these
rings indicate that the perovskite crystals in the P1 sample
exhibit random-oriented crystallographic structures. In con-
trast, distinctive Braggs spots at q, = 1.53 and 2.1 A™" along
90° (out-of-plane direction) and 45° are respectively observed
in the TMTA/PEA,Cs,_,Pb,Br,,,; film (P2 sample) (Figure
2b). Such oriented signatures that manifested in the P2 sample
are more evident in the corresponding azimuthally integrated
scattering intensities (Figure 2c), clearly demonstrating the
197 oriented growths of the (110) and (200) planes along ~90 and
198 ~45°, respectively. To quantify the fraction of the perovskite
199 unit cells oriented favorably, the orientational order parameter
200 S of the (110) plane is calculated for the P1 and P2 samples
201 (Note S1), which are found to be —0.08 and —0.2,
202 respectively. This strongly suggests that the anchoring action
203 of cross-linked TMTA toward the perovskite precursor
204 promotes the crystal growth along the perovskite (110)
205 plane direction, as illustrated in Figure 2d.

206 The optical coupling outputs provide further evidence for
207 the oriented growth of PEA,Cs, Pb,Brs,,; crystals, as
208 oriented growth promotes the establishment of aligned
209 TDMs, leading to anisotropic emission.”® Figure S4 shows
210 the angle-dependent PL and EL profiles. Similar to the angular-

186
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188
189
190
19
192
193
194
195
196

~

et

dependent EL profiles, the PL intensity distribution of the P1
film remains almost unchanged within the collection angle
from —90 to +90°, following Lambert’s law. However, the P2
film exhibits a non-Lambertian profile with peak intensity at
~=+45°, indicating the establishment of TDMs aligning ~45°
with respect to the substrate.

The establishment of aligned TDMs in quasi-2D perovskite
thin films favors the generation of linearly polarized light. To
estimate the linear polarization degree of P1 and P2 samples,

the DoLP is defined by eq 1:
DOLP = (Imax - Imin)/(Imax + Imm) (1)
I ex and I, represent the maximum and minimum PL or EL

intensities after passing through the polarizer, respectively,
which are obtained by the experimental setup in Figure SS.
The DoLP values range from 0 to 100%, representing fully
unpolarized to fully linearly polarized light emissions. As
shown in Figure 2e, the DoLP of the P1 sample is only ~1.3%,
showing negligible linearly polarized light emission. In
contrast, the DoLP of the P2 sample significantly increases
to ~41%, likely attributed to the establishment of aligned
TDMs by oriented growth of PEA,Cs,_Pb,Br;,,, crystals.
Having explored the crystallographic orientation of the
perovskite films, the influence of defects on the polarized
emission from the quasi-2D perovskites is assessed. In

D https://doi.org/10.1021/acsnano.4c11761
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235 principle, the TDMs are established by electron—hole pairs
236 confined within the 2D plane.”” Thus, TDMs are highly
237 susceptible to local electric fields that are applied for photo- or
238 electric excitations.”” Perovskite thin films are deemed to have
239 high defect densities due to solution processing. This allows for
240 the generation of highly disordered and localized electric fields
241 around those charged defects. As a consequence, the coherence
242 of TDMs in quasi-2D perovskite thin films breaks, thus
243 negating the linearly polarized light emission.

244 To address this shielding effect of local electric fields, 18-
245 Crown-6 is incorporated into the precursor solutions to
246 passivate the defects in PEA,Cs,_,Pb,Bry,,; (C2 sample).
247 FTIR spectra of neat 18-Crown-6 and 18-Crown-6:PbBr, films
248 reveal that the chemical interaction between the precursor ions
249 and 18-Crown-6 is prolonged after film crystallization. A
250 downshift of C—O—C stretching mode from ~1118.71 to
251 110521 cm™" is observed in Figure 3a, indicating that 18-
252 Crown-6 molecules are participating in the perovskite surface
253 chemistry via Lewis interaction toward uncoordinated Pb**.
254 We quantify the trap density of states (tDOS) in P2 and C2
255 samples using thermal emission spectroscopy (TAS), as shown
256 in Figure 3b. Here, the tDOS values in the corresponding
257 perovskite matrices are estimated through eq 2:**

=

NT(E(U) = -
258 qW dw kgT 2)

259 where W and Vy are the depletion width and built-in potential,
260 respectively, which are extracted from the capacitance—voltage
261 (C—V) curves in Figure S6. Also, C, @, and kgT are the
262 capacitance, frequency, and thermal energy, respectively,
263 obtained from the capacitance—frequency (C—F) curves in
264 Figure S7. The tDOS of the C2 device decreases about 1 order
265 of magnitude lower than that of the P2 device, confirming the
266 passivation effects of 18-Crown-6.

267 The time-resolved photoluminescence (TRPL) spectra are
268 further obtained in Figure S8 and fitted by the three-
269 exponential functions:*’

I(t) = I, + AleXP(_t/rl) + AzeXP(_t/Tz)

o + Azexp( t/13) )
271 where A,, A,, and Aj; are amplitudes, and 7,, 7,, and 7; are fast,
272 medium, and slow decay lifetime constants associated with
273 surface and volume trap-assisted radiative recombination and
274 the bimolecular radiation recombination inside the crystal
275 grain, respectively. The fitting parameters are summarized in
276 Table S3. The increased 7, and 7; of the C2 sample suggest
277 that 18-Crown-6 effectively passivates the defects of
278 PEA,Cs,_Pb,Bry,,; perovskites, thereby inhibiting the de-
279 fect-assisted nonradiative recombination and enhancing the
280 radiative recombination.

281 It is found that the incorporation of 18-Crown-6 not only
282 passivates the uncoordinated Pb** but also modulates the n-
283 phase distribution of the quasi-2D perovskites.”’ This can be
284 attributed to the hydrogen bonds formed between 18-Crown-6
285 and PEABr, as confirmed by the solution-phase 'H nuclear
286 magnetic resonance ('H NMR) spectra in Figure 3c.
287 Compared to neat 18-Crown-6, appreciable downfield
288 chemical shifts of —CH, protons are observed from ~3.517
289 to ~3.583 ppm when PEABTr is incorporated into the solutions,
200 indicating the reduced electron density at the corresponding
291 protons as a result of the interaction between the ammonium

head of cationic species and oxygen in 18-Crown-6 ether. 292
Therefore, the coordination capability of PEABr to the 293
perovskite framework is reduced, leading to the inhibition of 294
fast formation of small-n phases (e.g, n = 1, 2, and 3 phases) 295
but the promotion of medium-n phases (n > 4).>' To gain 296
more insights into the phase homogenization in the 297
PEA,Cs,_Pb,Br;,,, perovskite film, UV—vis absorption 298
spectra are collected (Figure 3d). The P2 sample exhibits 299
four absorption peaks at ~400, 432, 463, and 505 nm, 300
corresponding to the excited states of n = 1,2, and 3 and n > 4 301
phases, respectively.”> As the concentration of 18-Crown-6 302
increases to ~0.4 mg/mL, the excitonic peaks of the small-n 303
phases are suppressed, whereas the n > 4 peak becomes 304
significantly enhanced. Note that no appreciable changes in 30s
these absorption peaks are observed by further increasing the 306
18-Crown-6 concentration to ~0.6 mg/mL, suggesting that the 307
phase modulation action is saturated at ~0.4 mg/mL. Steady- 308
state PL spectra also confirm the phase modulation action 309
upon the incorporation of 18-Crown-6 (Figure S9), where the 310
emissions from the n = 1, 2, and 3 phases are suppressed, but 311
the emission from n > 4 phases is enhanced by 18-Crown-6. 312

To explore the structural properties of the coherence- 313
programmed PEA,Cs,_Pb,Bry,,, crystallites at the atomic 314
scale, transmission electron microscopy (TEM) images of the 315
C2 sample are collected, as shown in Figure 3e. The crystals 316
exhibit cubic crystals with uniform sizes from ~20 to 30 nm, 317
indicating homogenization of n > 4 phases.51 The selected- 318
area electron diffraction (SAED) patterns in the inset of Figure 319
3e clearly indicate three diffraction rings of the (100), (110), 320
and (200) planes,>” agreeing well with the GIWAXS and XRD 321
patterns. High-resolution TEM images show uniform dif- 322
fraction streaks, and the spacing of the lattice fringe is found to 323
be ~0.418 nm, aligning with the (110) plane of cubic phases of 324
CsPbBr;. 325

Such n > 4 phases of quasi-2D perovskites are ideal for high- 326
performance LP-PeLEDs, as illustrated in Figure 3f. This is 327
because, although small-n phases (e.g., n = 1, 2, and 3) with 323
anisotropic structures can generate high-degree linearly 329
polarized light emission, the strong electroacoustic coupling 330
will make the high energy of small-n phase be easily quenched 331
by the vibrational levels from defects.”’ Thus, nonradiative 332
recombination is usually observed in small-n phases.””>* But 333
for the 3D phases (e.g, n ~ 00) with an isotropic structure, 334
their DoLPs are (g;lite low despite the high radiative 335
recombination rates.”” Compared to small-n and 3D phases, 336
the medium-n phase (n > 4) crystals simultaneously possess 337
high radiative recombination and high DoLP of the quasi-2D 338
perovskites. Following this strategy, medium-n phases are 339
modulated by 18-Crown-6. Effects of 18-Crown-6 concen- 340
trations on DoLP and PLQY are revealed in Figure 3g. From 0 341
to ~0.4 mg/mL, the DoLP and PLQY increase from ~41 and 342
~38% to ~64 and ~79%, respectively. These enhancements 343
are primarily due to the promotions of the medium-n phases 344
by 18-Crown-6. Further increasing the concentration to ~0.6 345
mg/mL cannot further improve DoLP and PLQY (Figure 3d), 346
again suggesting that the phase regulation and passivation 347
actions of 18-Crown-6 are already saturated at this 348
concentration. It is important to note that the 2D GIWAXS 349
patterns of the C2 sample replicate that of the P2 sample 3s0
(Figure 3h), corroborating that the oriented growth of 3si
PEA,Cs,_,Pb,Br;,,, perovskites is not compromised by using 352
18-Crown-6. Here, the two-step strategies synergistically 353
manifest the coherence of TDMs across the perovskite matrix, 354
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355 thus ensuring efficient polarized EL by demonstrating PeLEDs
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measuring the DoLP of EL. (n) Polar plots of the polarized EL of P1, P2, and C2 devices.

356 with this coherence-programmed emitter matrix.

357

3s8 the PeLEDs with a layered structure of indium tin oxide

By using the P1, P2, or C2 thin films as the emitting layer,

(ITO)/PVK with or without a TMTA layer/quasi-2D
perovskite with or without 18-Crown-6/1,3-tris(1-phenyl-
19H-benzo[d]-imidazol-2-yl)benzene (TPBi)/hydroxyquinoli-
natolithium (Liq)/Al are fabricated, as shown in Figure S10.
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Figure 5. (a) Schematic of the MC-VLC link including transmitting and receiving terminals using two PeLEDs and a polarizer-photodiode
module. Received SINR variations with communication frequency based on nonpolarized PeLEDs in independent communication areas of
(b) Zone 1 and (d) Zone 3 and overlapped area of (c) Zone 2. Received SINR variations with communication frequency based on polarized
PeLEDs in independent communication areas of (e) Zone 1 and (g) Zone 3 and overlapped area of (f) Zone 2 at horizontal and

perpendicular directions of the polarizer, respectively.

The current density—luminescence—voltage (J—L—V) curves
are exhibited in Figure 4a—c. The performance parameters are
summarized in Table S4. The J—V curves show that the
current densities of P2 and C2 devices are higher than that of
the P1 devices. Although the TMTA molecule itself acts as an
insulator, it is noted that a very low concentration of TMTA
solution in the solvent with a high boiling point solvent (i.e.,
1.2 mg/mL in DMSO) is used for layer deposition, which is
deemed to manifest an ultrathin TMTA layer. Thus, the
leverage of TMTA as an insulator between PVK and the
perovskite layer interface is deemed to be negligible. Rather, it
benefits the orientational alignment of the perovskite crystal
lattice, as well as interfacial defect passivation, both of which
can enhance charge transport through the perovskite matrix.
This can manifest increased carrier injection, thereby
enhancing the current densities of P2 and C2 devices. The
L—V and EQE—V curves show that the L., and EQE,,, of the
P1 device are only ~7561 cd/m® and ~9.5%, respectively.
They increase to ~23,960 cd/m? and ~14.6% for the P2 device

and further to ~36,142 cd/m? and ~23.7% for the C2 device,
respectively. The EL spectra (Figure S11) show that the
emission peaks of P1, P2, and C2 devices are almost identical,
located at ~512 nm. Moreover, these EL spectra are stable
under different voltage bias. Finally, the halflives of EL
(Tso51) and EQE (Tso.gqg) at the initial luminance of ~100 cd
m™2 are studied in Figure 4d,e to examine the stabilities of P1,
P2, and C2 devices. The T g, and T gqg of the P1 device are
only ~0.5 and ~0.9 h, respectively. For the P2 device, the
Tsop, and Tsopqe values increase to ~3.6 and ~13.6 h,
respectively. Compared with the P1 and P2 devices, the C2
device is the most stable, exhibiting the longest Ty, g and
Tso.gqe of ~10.7 and ~32.2 h, respectively.

To reveal the effects of oriented growth, defect passivation,
and n-phase modulation of the quasi-2D perovskites on the
performance of PeLEDs, the electrochemical impedance
spectra (EIS) are employed to examine charge transport and
recombination behaviors. Figure 4f shows the EIS of P1, P2,
and C2 devices, and the inset shows the equivalent circuit for
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401 Nyquist plots including series resistance (R;), recombination
402 resistance (R,.), and parallel capacitance (C).” R is attributed
403 to resistances at the device interfaces, and R, is associated
404 with the recombination resistance of the quasi-2D perovskite
405 layer.*® The fitting parameters presented in Table S5 indicate
406 that the R and R of the C2 device are the lowest among the
407 P1, P2, and C2 devices, meaning the most efficient charge
408 transport and higher radiation recombination rate in the C2
409 device.

410 The femtosecond transient absorption (fs-TA) spectra give
411 deeper insights into the energy/charge carrier funneling and
412 recombination within the multiquantum wells of quasi-2D
413 perovskites.””" As shown in Figure 4g—i, P1 and P2 samples
414 exhibit distinctive ground-state bleach (GSB) peaks at ~405,
415 ~435, ~46S, and ~516 nm, corresponding to the excited states
416 of n = 1,2, and 3 and n > 4 phases, respectively. But in the C2
417 sample, the peaks of ~40S5, ~435, and ~465 nm are
418 significantly weakened, leaving only one dominant peak at
419 ~516 nm. This is consistent with the steady-state UV—vis
420 absorption spectra that the n phases are modulated to n > 4
421 phases. Using multiexponential function eq 4, the dynamics of
422 GSB signals of different n phases (Figure 4j—1) are fitted:*

—

—

AA(7) = Ale(_t/fl) + Aze(_t/m + A3e(_t/13) + Ble(_t/w
423 4)

424 Here, A}, A,, A;, and B, are amplitudes. 7}, 7,, and 7; represent
425 fast, medium, and slow decay time constants, respectively. 7, is
426 the formation time constant of the rising edge. In principle, 7,
427 of small-n phases and 7., of medium-n phases are related to the
428 energy/charge carrier funneling and generation of excited
429 states, respectively.°7 By comparing the fitting parameters in
430 Table S6, we see that 7, of n = 2 and 3 phases and 7, of n > 4
431 phases continually decrease from the P1 and P2 to C2 samples,
432 indicating faster energy/charge carrier funneling and gener-
433 ation of excited states facilitated by the oriented growth, defect
434 passivation, and n-phase modulation.

435 To evaluate the linear polarization characteristics of the P1,
436 P2, and C2 devices, the DoLPs of EL are measured by the
437 experimental setup in Figure 4m. Under the luminance of
438 ~5000 cd m~%, which is the minimum requirement in the
439 scenario of MC-VLC, the DoLPs of P1, P2, and C2 devices are
440 ~0.9, ~28, and ~38%, respectively, as shown in Figure 4n. The
441 increase in DoLP in EL aligns well with its enhancement in PL
442 mode, confirming the establishment of aligned TMDs in the
443 quasi-2D perovskites. The relatively lower DoLP of EL than
444 that of PL is likely associated with the defect-induced
445 dissipation processes of the injected carriers in EL operation
446 (e.g., Joule heating and so on). 95859 Notwithstanding, the C2
447 device still offers high performance and the polarized EL
448 feature, corroborating the effectiveness of the synergistic
449 coherence-programming strategy proposed in this study.

450 To validate the impacts of polarized EL exploitation on the
451 MC-VLC applications, the demonstrated LP-PeLEDs are
452 further employed as light sources for the MC-VLC link. We
453 adopted an MC-VLC optical pathway, in which the trans-
454 mitting and receiving terminals are composed of two PeLEDs
4ss and a polarizer-photodiode module, respectively (Figure Sa).
456 To assess the communication capability of this MC-VLC link,
457 the SINR variations with communication frequency of
458 independent communication areas Zone 1 (LED1-controlled
459 area) and Zone 3 (LED2-controlled area), as well as the
460 overlapped area Zone 2, are measured.”®' When PeLEDs are
461 nonpolarized (P1 device), the maximum SINRs of Zone 1 and

Zone 3 are ~18.1 and ~17.8 dB, respectively, as shown in 462
Figure Sb,c. However, the SINR significantly dropped to ~S 463
dB in Zone 2, as shown in Figure 5d. This indicates that in 464
overlapped Zone 2, the signals from the two nonpolarized 465
PeLEDs interfere with each other, thereby reducing the 466
communication capability of the MC-VLC link because the 467
intercell interference (ICI) is non-negligible.61 468

Unlike the nonpolarized PeLEDs, which transmit signals in 469
all directions, the polarized PeLEDs (C2 device) only transmit 470
signals in one specific direction. In the C2 sample, this specific 471
direction is ~45° to the substrate (Figure S4) because the 472
TDMs are aligned along this direction due to the oriented 473
growth of the quasi-2D perovskite crystals (Figure 2j). 474
Accordingly, two polarized PeLEDs are carefully positioned 475
to ensure that their polarization directions are perpendicular to 476
each other, realizing independent communications without 477
interference (Figure S12). To see the improvements in 478
communication capability from nonpolarized to polarized 479
PeLEDs, the SINRs within Zone 1 and Zone 3 areas are 480
measured. As shown in Figures S13 and S14, by rotating the 4s1
polarizer in front of the photodiode (PD), the SINR remains 4s2
almost unchanged for the nonpolarized PeLEDs. But for the 483
polarized PeLEDs, the SINR changes significantly with the 4s4
transmission direction. Especially, when the transmission 4ss
direction of the polarizer is parallel to the polarization 486
direction of LED1 but perpendicular to the polarization 487
direction of LED2, the maximum SINR reaches to ~24.7 dB in 4ss
Zone 1 but reduces to ~5.6 dB in Zone 3, as shown in Figure 489
Se. Also vice versa, the maximum SINR reaches ~23.9 dB in 490
Zone 3 but reduces to ~6.8 dB in the Zone 1 area when the 491
transmission direction of the polarizer is parallel to the 492
polarization direction of LED2 but perpendicular to the 493
polarization direction of LED1 (Figure 5f). This demonstrates 494
that the on/off communication states of the two polarized 495
PeLEDs can be intentionally selected by adjusting the 496
transmission direction, avoiding interfered communications 497
by two light sources. 498

By taking advantage of transmitting signals in a single 499
direction, the polarized PeLEDs improve the communication s00
capability in the overlapped Zone 2, as shown in Figure Sg. so1
Unlike non-negligible ICI by using the nonpolarized PeLEDs, so2
the polarized PeLEDs enable independent communications in 503
Zone 2 with maximum SINRs of ~18.1 and ~17.7 dB, so4
respectively. The maximum SINR is increased by ~240% and sos
shows negligible ICI in Zone 2 compared to the nonpolarized s06
PeLEDs. 507

CONCLUSIONS 508

In summary, we implemented a synergistic coherence- 509
programming strategy to realize high-performance LP-PeLEDs. s10
First, the TMTA layer is inserted at the PVK/perovskite si1
interface, which guides the oriented growth of [PbBr]*™ si2
octahedron along the (110) plane. Additionally, the incorpo- s13
ration of 18-Crown-6 effectively passivates defects, further si4
enhancing the DoLP of the PeLEDs. Finally, the n-phase sis
distributions are also regulated, leading to optimized medium-n s16
phases that balance radiative recombination and DoLP. By s17
establishing the aligned TDMs through these strategies, LP- 518
PeLEDs with a maximum EQE of ~23.7%, a maximum 519
luminance of ~36,142 cd/m? and a DoLP of ~38% are 520
fabricated, which also show potential in real MC-VLC 321
applications. This work demonstrates the concurrent control s22
of crystal orientation and transition dipole moments in 523
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realizing highly efficient and linearly polarized electro-
luminescence with quasi-2D perovskites, which has not been
achieved so far.

Nevertheless, the inherent difficulty in (i) perfectly aligning
(ie, 100%) the crystallographic orientation and (ii) the
inferior electrochemical stability of the polycrystalline perov-
skite thin films still brings the challenges to further improve its
DoLP. Realization of a highly emissive, single-crystalline
perovskite thin film, having an intrinsically high orientational
alignment and low bulk defect densities, can be a potential
breakthrough, which further requires extensive and specialized
efforts.

METHODS

Materials. Cesium bromide (CsBr, >99.999%) was purchased
from Alfa Aesar. Lead bromide (PbBr, >99.99%) and phenethy-
lammonium bromide (PEABr, >99.5%) were purchased from Xi’an
Yuri Solar Co., Ltd. Trimethylolpropane triacrylate (TMTA, 85%,
containing 600 ppm of MEHQ stabilizer) was purchased from
CHONGQING YUEXIANG CHEMICAL CO., LTD. 1,4,7,10,13,16-
Hexachlorocyclooctadecane (18-Crown-6 ether, >99.999%) was
purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO,
>99.9%, GC) and chlorobenzene (CB, >99.9%, GC) were purchased
from Aladdin. Poly(9-vinylcarbazole) (PVK, 99.99%, average M,, ~
90,000) and 1,3-tris (1-phenyl-19H-benzo[d]-imidazole-2-yl) ben-
zene (TPBi, >99.99%) were purchased from Xi'an Yuri Solar Co., Ltd.
8-Hydroxy-quinolinatolithium (Lig, >99.99%) was purchased from

550 Jilin OLED Material Tech Co., Ltd. All materials were used directly
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without further purification.

Perovskite Precursor Solution. The PEA,Cs,_Pb,Br;,,, per-
ovskite precursor solution was prepared by dissolving CsBr, PbBr,,
and PEABr with the molar ratio of 1.2:1:0.3 in a DMSO solution with
the total concentration of 10 wt %, in which the molar concentration
of Pb** is ~0.2 M. This mixture was then stirred at room temperature
for 12 h in the glovebox (Dellix, LS-750S) with H,O and O, < 1.0
ppm. Simultaneously, 18-Crown-6 was dissolved in DMSO at 10, 20,
and 30 mg/mL concentrations and also stirred at room temperature
for 12 h. The 18-Crown-6 solutions were then mixed with the
perovskite solution at a 1:25 volume ratio and stirred for an additional
4 h before use.

PeLED Fabrications. The structure of PeLEDs is ITO/PVK with
or without a TMTA layer (40 nm)/PEA,Cs,_,Pb,Br;,,, with or
without 18-Crown-6 (40 nm)/TPBi (50 nm)/Liq (2.5 nm)/Al (90
nm). Initially, the prepatterned indium tin oxide (ITO, 15 Q7')
glasses were successively cleaned in an ultrasonic bath using acetone,
deionized water, and anhydrous ethanol and then dried in an oven.
After ozone treatments, the ITO substrates were spin-coated with
PVK HTL (6 mg/mL in CB) at 4000 rpm for 60 s and then annealed
at 150 °C for 15 min. The TMTA layer (1.2 mg/mL in DMSO) was
spin-coated on top of PVK at 5000 rpm for 30 s and annealed at 140
°C for 15 min. After cooling to room temperature, the perovskite
layer was spin-coated at 4000 rpm for 60 s and then kept under a low
pressure of 1 X 107! Pa for 20 min. Finally, TPBi, Liq, and Al were
sequentially evaporated through a shadow mask using an LN-1123SC
organic/metal composite multisource evaporation system at a
pressure <3 X 107* Pa. The active area is 2 X 3 mm>

Characterizations. The steady-state UV—vis absorption was
measured on a Shimadzu UV-2600 spectrophotometer. A LifeSpec
II Lifetime Spectrometer with a maximum average power of ~2 uW
was used to measure the PL and TRPL of the perovskite film. The
PLQE of perovskite films was measured by a Hamamatsu C11347-11
using a 445 nm diode. TEM was performed using a JELO JEM-2100
Plus. A Thermo Scientific K-Alpha+ XPS system was used for XPS
analysis of Cs 3d, Pb 4f, and Br 3d chemical states. The excitation
source was Al Ka (1486.6 eV). FTIR spectroscopy was conducted by
a BRUKER TENSOR 27. The XRD patterns were characterized by a
Bruker D2PHASER. NMR spectra were recorded on Bruker Advance
spectrometers (600 MHz for 'H). GIWAXS measurements were

accomplished by a XOS Polycapillary X-ray Source. The incidence
angle of the X-ray beam was set to be 1.0° for the perovskite films.
GIWAXS patterns were recorded with a Pilatus 100 K detector. fs-TA
spectroscopy was performed on a pump—probe system (Helios,
Ultrafast System LLC) coupled with an amplified femtosecond laser
system (Coherent) under ambient conditions. For the polarization-
dependent PL measurement, the 405 nm laser is converted into
circularly polarized light by a linear polarizer and a quarter-wave plate
to excite the perovskite film. Subsequently, the laser and the emitted
fluorescence pass through another polarizer and a 532 nm filter before
reaching the photodetector and spectrometer. PL intensity was
measured using an Ocean Optics USB2000+. EIS was measured on a
CHI660D electrochemical workstation (CH Instrument Inc.). A 2
mV voltage amplitude was applied at an applied bias voltage of 3.5V
with frequencies between 1 MHz and 10 Hz under dark conditions. Z-
view software was utilized for fitting the impedance spectra to derive
the impedance parameters. C—V measurements were conducted by
employing an all-in-one characterization platform (Paios, Fluxim AG)
at 1 kHz with an AC amplitude of 20 mV. C—F measurements were
also carried out in the Paios platform across a frequency range from
10 Hz to 10 MHz, employing an AC amplitude of 20 mV. The J—L—
V characteristics of PeLEDs were carried out by a Keithley 2400
sourcemeter and luminance meter (KONICA, LS-110 colorimeter).
Polarization-dependent EL was carried out by a Keithley 2400 and
Ocean Optics USB2000+. For MC-VLC, two independent OFDM
signals are generated using MATLAB and subsequently loaded onto a
multichannel arbitrary waveform generator (AWG, Tektronix
AFG31000 series). The signals from the AWG are then combined
with an 8 V DC bias generated by a Keithley2400 precision power
supply by using a bias tee to simultaneously load both. At a distance
of 50 cm, the receiver simultaneously captures optical signals from
both PeLEDs and converts them into electrical signals. These
electrical signals are sampled using a digital storage oscilloscope
(DSO, Tektronix MDO4054-3). Finally, the sampled signals are
demodulated offline by using programmed MATLAB.
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