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Exciton-polaritons offer the potential to achieve electrically pumped perovskite polariton lasers with much lower
current thresholds than conventional photonic lasers. While optically pumped exciton-polaritons have been
widely studied in halide perovskites, electrically-pumped polaritons remain limited. In this study, we demonstrate
the use of a solution-processing strategy to develop halide perovskite polariton light-emitting diodes (LEDs) that
operate at room temperature. The strong coupling of excitons and cavity photons is confirmed through the
dispersion relation from angle-resolved reflectivity, with a Rabi splitting energy of 64 meV. Our devices exhibit
angle-resolved electroluminescence following the low polariton branch and achieve external quantum efficiencies
of 1.7%, 3.85%, and 3.7% for detunings of 1.1, -77, and -128 meV, respectively. We also explore devices with
higher efficiency of 5.37% and a narrower spectral bandwidth of 6.5 nm through the optimization of a top emit-
ting electrode. Our work demonstrates, to our knowledge, the first room-temperature perovskite polariton LED
with a typical vertical geometry and represents a significant step towards realizing electrically pumped perovskite
polariton lasers. ~ © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.498412

1. INTRODUCTION

The exciton—polariton is a hybrid quasiparticle that emerges

in reaching the current threshold for photonic lasers, which is
typically between 104 and 10> A/cm? [9-11], due to ion mi-
gration or stability issues. Polariton lasing offers a promising
alternative solution, with a current threshold of about two to
three orders of magnitudes lower than that of photonic lasing
[12,13] and therefore within the attainable range of perovskite
electroluminescence (EL) devices [14,15].

In fact, halide perovskite has already proven to be a prom-
ising material for polariton devices at room temperature (RT),
owing to its unique features such as stable excitons at RT, large
oscillator strength, narrow exciton linewidth, and outstanding
optical properties [1,3]. A plethora of achievements have al-
ready been made in halide perovskite polariton photonics under
optical pumping, including polariton lasing [16-18], RT con-
densate flow [19,20], spin—orbit coupling [21-23], one-dimen-
sional polariton lattices [24], polaritonic vortices [25], and
polariton parametric oscillators [26]. Based on the development
history of other material systems such as GaAs [27-30], GaN

from the strong coupling between excitons and cavity photons,
exhibiting unique properties such as low effective mass, strong
nonlinearity, and macroscopic propagation [1-3]. A wide range
of exciton-polariton devices have been developed, including po-
lariton transistors and gates [4,5], polariton lasers [6], optically
controlled interferometers [7], and polariton current qubits [8].
Particularly, polaritons can condense to a single quantum state,
forming Bose—Einstein condensates and emitting coherent
light with a much lower threshold than traditional photonic
lasing. This characteristic enables new opportunities for realiz-
ing electrically pumped polariton lasers, which may be suitable
for emerging excitonic emitters that often exhibit tremendous
optoelectronic properties but are relatively fragile. Among
these, halide perovskite semiconductors are very attractive due
to their high luminescence efficiency, tunable spectrum, high

optical gain, high carrier mobility, and scalable solution proc-
essability. However, perovskite semiconductors face challenges
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[31], ZnO [32-36], and organic [37—41] and transition metal
dichalcogenides (TMDs) [42], the next step towards electrically
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pumped exciton-polariton lasing is generally believed to be the
realization of a polariton light-emitting diode (LED) operating
in the strong-coupling regime. However, electrically pumped
perovskite polariton devices are still much less explored.
Currently, only one small-scale perovskite polariton EL device
has been demonstrated under 7 K by using chemical vapor de-
posited single crystalline perovskite [43]. Therefore, there is a
critical need to develop RT perovskite polariton LED devices
with a typical vertical emitting diode structure. Given that
the exciton—polariton can be optically pumped in solution-proc-
essed polycrystalline MAPbBr; [44], polariton LEDs should be
achievable. However, several issues still need to be addressed,
including (i) the selection of an appropriate perovskite compo-
nent to spontaneously obtain strong optical coupling and suffi-
cient EL performance, (ii) collaborative optimization of
electrical functional layers and multilayer optical microcavities,
and (iii) accurate control of the thickness and morphology of the
solution-processed perovskite.

In this work, we combined solution-processed CsPbBr;
LED devices with metal-dielectric planar mirrors to demon-
strate top-emitting microcavity polariton LEDs. Strong cou-
pling has been confirmed through the anticrossing behavior in
a dispersion relation resulting in a Rabi splitting of 64 meV.
Additionally, angle-resolved EL (AREL) has been observed fol-
lowing the low polariton (LP) branch dispersion, comple-
mented by photoluminescence (PL) at different detunings.

2. EXPERIMENT

A. Materials

Cesium bromide (CsBr, 99.999%), lead (II) bromide (PbBr,,
99.999%), lithium bromide (LiBr, 99.999%), and poly-
(N-vinylcarbazole) (PVK, average Mn 25,000-50,000) were
purchased from Sigma Aldrich. 1,4,7,10,13,16-hexaoxacy-
clooctadecane  (18-crown-6, 98%) was purchased from
Acros.  Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-sec-
butylphenyl) diphenyl-amine)] (TEB, Mw > 30,000) was pur-
chased from Luminescence Technology Corp. Nickel(II) acetate
tetrahydrate (99%) and ethyl alcohol (99.5%) were purchased
from Aladdin. Dimethyl sulfoxide (DMSO, 99.7%) and
chlorobenzene (99.8%, extra dry) were purchased from J&K
Scientific. Toluene (HPLC) was purchased from TEDIA.
2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi, 99.5%, sublimed) was purchased from Jilin OLED
Material Tech Co., Ltd. Lithium fluoride (LiF, 99%) was pur-
chased from Xi’an Polymer Light Technology Corp. Mg and Ag
(evaporation slug) were purchased from Fuzhou Invention pho-
toelectrical Technology. All the chemical materials were directly
used without any further purifications.

B. Device Fabrication

Preparations of the dielectric mirrors and substrates: TiO, /SiO,
stack films were deposited on a glass substrate by electron beam
evaporation, including the multi-layer distributed Bragg reflec-
tor (DBR) and a 120 nm SiO, spacer. The central wavelength of
DBR was set to 520 nm. Indium tin oxide (ITO) film was sput-
tered on a TiO, /SiO; substrate at a temperature of 300°C with
a shadow mask of 0.1 mm thickness. The TiO,/SiO,/ITO
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substrates were washed in ultrasonic cleaner and treated by
UV ozone for 30 min to make the surface more hydrophilic.

NiO, precursor solution: We dissolved 124.4 mg of
Ni(CH3COO), - 4H,0 in 5 mL of ethanol, and added a drop
of hydrochloric acid (about 50 pL) into the solution. We stirred
the solution at RT overnight, and then filtered it three times
using 0.22 pm hydrophobic polytetrafluoroethylene (PTFE)
syringe filters.

Perovskite precursor solution: We dissolved CsBr, PbBr, and
LiBr in DMSO with a molar ratio of 1.1:1:0.2 to obtain a
CsPbBrj solution containing 0.45 mol/L Pb*". We added
27 mg/mL crown to the perovskite precursor solution and
stirred it at RT overnight. Prior to use, we filtered the precursor
solution using 0.22 pm PTFE syringe filters.

LED devices preparation: To prepare the LED devices, we
first spin-coated NiO, solution onto an ITO substrate at
4000 r/min for 30 s, and baked it at 300°C for 30 min in am-
bient air. The substrate was then transferred to a N,-filled glo-
vebox. Next, we deposited the TFB layers by spinning the
solution (8 mg/mL in chlorobenzene) at 2000 r/min for 30 s
and annealing at 150°C for 30 min. The PVK layers (4 mg/mL
in toluene) were then spin-coated at 4000 r/min on the TFB
films, followed by annealing at 150°C for 30 min. For the per-
ovskite films, we used a two-step solution spin-coating process
at 1000 r/min for 5 s and 3000 r/min for 85 s. The resulting
CsPbBr; film was then annealed at 100°C for 10 min.
Subsequently, we evaporated TPBi (1 A/s) and LiF (0.3 A/s)
sequentially on the as-prepared perovskite films in a thermal
evaporator under 3.0 x 10°° Torr. Finally, we prepared the
Mg:Ag (1 nm) and Ag (MAA) cathode using a co-evaporation
method with evaporating rates of 1:0.1 A/s and 0.8 A/s, respec-
tively. The device area was defined as the overlapping area of the
ITO and MAA electrode, with dimensions of 1.5 mm x 2 mm.

C. Characterizations

Several characterization techniques were employed to measure
various properties of the films. The thickness was measured us-
ing a surface profiler (DEKTAK-XT, Bruker). A cross-sectional
image was obtained from a field emission scanning electron mi-
croscope (Ultra 55, Zeiss) operated at 5 kV. Surface roughness
was determined by atomic force microscopy (AFM) (Oxford
Cypher S, Asylum Research) inside a nitrogen-filled glove
box. Temperature-dependent PL measurements were con-
ducted by FLS 1000 (Edinburgh Instruments) with a temper-
ature controller MercuryiTC (Oxford Instruments). PL
mapping was performed by confocal microscopy (Nikon C2
+ Confocal System, Nikon Instruments Inc.), where the sample
was excited by a 405 nm laser diode, and the scan intensity was
recorded by an avalanche photodiode (SPCM-AQR-16-FC
from PerkinElmer). Micro-area PL spectra were recorded by
a spectrometer (QEPro, Ocean Optics). Angular reflectivity
and absorption spectra were measured using a UV-VIS spectro-
photometer (Cary 7000, Agilent). Normal reflectivity was mea-
sured using a homemade system consisting of a Y-type fiber,
reflection probe, halogen lamp, and spectrometer, as shown
in Appendix A Fig. 6. Reflectivity spectra were obtained by
comparing the sample with a reference silver mirror. Angle-
dependent steady-state PL/EL spectra were obtained by using
a spectrometer (QEPro, Ocean Optics) and a fiber probe at a
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fixed distance of 15 cm from the sample. For PL measurement,
a 405 nm 20 mW laser diode, attenuated by a neutral density
filter, was used as the excitation source. For EL measurement, a
0.26 mA current output from a Keithley 2400 source meter
was supplied to the devices during the measurement process.
The schematic diagram of angle-dependent steady-state PL/EL
setups is shown in Ref. [45]. /-V-L-external quantum efficiency
(EQE) curves were characterized using a large diameter Si de-
tector (10 mm) operated at 0 V to measure the output power of
devices. The detector was placed in contact with the active pixel
as much as possible and underfilled the detector area, while
scanning voltage and monitoring the current by the Keithley
2400 source meter simultaneously in a nitrogen-filled glove
box. Luminance was calculated using the spectrum and
photocurrent of the Si detector. The EQE was calculated by
converting the detector current signal to emitted photons
and the device current to electrons. All the devices tested in
ambient air were encapsulated by glass with UV-cured resin

(TB3031B, Threebond).

D. Simulations and Data Fitting

To simulate the optical field distribution of the device, a
MATLAB program developed by McGehee Group [46]
was used to perform transfer matrix optical modeling. The
dispersion curves and photonic/excitonic weights of the

exciton—polariton were then calculated and fitted using
Egs. (1) and (2) in MATLAB.

3. RESULTS AND DISCUSSION

A. Structure of the Perovskite Exciton-Polariton LED
The structure of our perovskite exciton—polariton LED is illus-
trated in Fig. 1(a). Our device is a perovskite LED structure
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embedded in a Fabry—Perot optical microcavity, where the ex-
citons in the CsPbBr; film strongly couple with cavity photons,
enabling the device to operate in electroluminescent mode
with continuous exciton injection from electrical functional
layers. The sequential fabrication process is presented in
Appendix A Fig. 5. The devices adopt a top-emitting structure.
DBR consists of 5.5 pairs of TiO, /SiO, alternate films that act
as a total reflection cavity mirror, followed by a 120 nm thick
SiO, film spacer to compensate for cavity length. The reflec-
tivity of the TiO, /SiO, substrate is measured at 6° as shown in
Appendix B Fig. 7(a), with a reflective stopband from 460 nm
(2.69 ¢V) to 600 nm (2.07 eV) covering the whole emission
band of CsPbBr; and centered at 520 nm (2.38 ¢V) with a
value of 98.6%. The transparent ITO anode is patterned by
sputtering with an ultrathin mask, whose edge slope zone is
1/20 of the device area, as shown in Appendix B Fig. 7(b),
to minimize the edge effect. Detuning values (A) from the dif-
ference between normal cavity mode photon energy [£,(0%)]
and exciton energy (£,) are adjusted by changing the thickness
of ITO. For hole injection, we used three stacked films of
NiO,/TFB/PVK. Spin-coated CsPbBr; film serves as the emis-
sion layer, which interacts with the microcavity. TPBi and LiF
films are used as the electron transport layer and electron in-
jection layer, respectively. A semitransparent thin Ag film serves
as a cathode, as well as another microcavity mirror for light
extraction. Compared to commonly used Al electrodes, Ag
films have lower absorption coefficients. To match the electron
injection level, a2 1 nm Mg:Ag co-evaporation film is inserted
between LiF and Ag film to modify the cathode’s work function
[49,50], forming an MAA alloy cathode. A well-defined layer-
by-layer structure of our device is verified by the cross-sectional
SEM in Fig. 1(b), where the thicknesses of TiO,, SiO,, SiO,
spacer, ITO, NiO,,, TFB/PVK, CsPbBr3, TPBi, LiF, and MAA
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Structure of the device and basic properties. (a) Schematic structure architecture; (b) cross section scanning electron microscope (SEM)

image of the device; (c) normalized emission (blue) and absorption (red) of prepared CsPbBr; film; (d) refractive index of each layer and electric field
distribution of the 530 nm optical standing wave inside device; (e) reflectivity of strongly coupled microcavity device at 0° and 33° relative to the
normal direction; (f) PL intensity map of the cavity device with the area of 100 pm x 100 pm.
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films are 56, 90, 120, 120, 20, 10, 110, 40, 1, and 30 nm,
respectively.

The CsPbBr; films were characterized by various analyses.
X-ray diffraction (XRD) patterns in Appendix B Fig. 7(c) show
stronger diffraction peaks for (100), (110), and (200) crystal
planes of CsPbBr3, indicating the high crystallinity of the films.
The AFM image in Appendix B Fig. 7(d) reveals that the spin-
coated CsPbBr; film has a relatively smooth surface with root
mean square (RMS) roughness of 1.737 nm, which can help
reduce scattering loss in the cavity. Moreover, with the passi-
vation of LiBr [47], the film samples exhibit bright fluorescence
under UV light illumination, as shown in the inset photo of
Appendix B Fig. 7(e). From the emission and absorption spec-
tra as shown Fig. 1(c), we can find that an obvious excitonic
absorption peak E, is located at 2.412 eV, and the emission
peak is at 2.374 ¢V, resulting in a Stokes shift of 38 meV.
The full-width at half~maximum (FWHM) of the emission
and excitonic absorption spectra is 73 and 75 meV, respectively.
The exciton absorption can dominate the cavity loss when the
CsPbBr; film is sufficienty thick. Furthermore, we derived the
exciton binding energy (£,) of 47.6 meV by fitting the temper-
ature-dependent PL as shown in Appendix B Figs. 7(e) and
7(f), which is larger than the RT thermal fluctuation energy
(~26 meV), proving the steady existing excitons in CsPbBr;
at RT. These values are consistent with those reported in other
studies [47,48].

Taking the -77 meV detuning (A = -77 meV) device as
an example, we simulated the internal light field distribution
at a reference wavelength (1) of 530 nm, which is presented
in Fig. 1(d). The standing wave field between the DBR and
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a node. The reflectivity spectrum was initially measured at the
normal direction (0°) shown in Fig. 1(e). Two distinct dips
were observed at 514.5 nm (2.41 eV) and 533.4 nm (2.32 eV),
which correspond to the up polariton (UP) and LP branches,
respectively. The coupling of CsPbBrj excitons to the cavity
mode is responsible for these polariton branches. As the angle
increased to 33° the dips shifted to 508 nm (2.44 ¢V) and
519 nm (2.39 eV), respectively. Additionally, the 100 pm x
100 pum scale PL intensity map presented in Fig. 1(f) demon-
strates the uniform spatial distribution of microcavity emission.
The PL spectra of the subregions show negligible spectral
differences [see Appendix B Figs. 7(g)—7(i)]. These results in-
dicate that our fabrication process ensures the spatial consis-
tency of the resonant mode, which is technically one of the
key factors to realize exciton—polariton LEDs.

B. Angular Dispersion from Reflectivity
Measurement

To confirm that the device is working in the strong-coupling
regime, we measured the angle-resolved reflectivity (ARR) for
three different detunings of the microcavity (A = 1.1, -77,
-128 meV). In each image shown in Fig. 2(a), two dispersion
branches can be observed. The energy positions, dips reflectiv-
ities, and mode widths of these two branches are related to the
detuning values and angle dependent shifts of reflection dips.
Most importantly, a characteristic anticrossing between these
two branches is revealed, which is a fundamental signature
of the strong-coupling regime. All the reflection dips are de-
rived to fit by eigenvalues [Eq. (1)] of a coupled oscillator
model for exciton and photon coupling [51,52]:

Ag indicates a 31/2 microcavity, wherein CsPbBr; film occu- E, + Ex(0) , (B - Eyn(0))?
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Fig. 2. Angle-resolved reflectivity and analysis. (a) Angle-resolved reflectivity (black lines) of devices at three different normal cavity—exciton
detunings: A = 1.1, -77, -128 meV and angle-dependent shifts of reflection dips (orange lines). (b)—(d) UP (red) and LP (blue) dispersion curves
of exciton—polariton, fitted with extracted angle-resolved reflectivity dips (*) and theoretical two-level model (solid lines). Dotted lines correspond to
the dispersion of the bare cavity photon (gray) and excitonic (purple) modes. (e)—(g) Components of exciton (blue) and photon (red) in LP states at

the three detunings.
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where Eyp and Ejp are the higher and lower energies corre-
sponding to the two polariton branches, respectively, £, is the
energy of the exciton, E(6) is the energy dispersion of the
bare cavity photon, and V is the coupling strength. Here,
Ep(0) = Epy(0°)/+/1 = (sin(0) /nes)?*, and ng is the effec-
tive refraction of the microcavity expressed in Eq. (Cl) of
Appendix C. E, is regarded as a constant since the effective
mass of the exciton is about 10° orders of magnitude larger than
that of the photon [2]. £,,(0°) is determined by Eyp(0°) +
E1p(0°) - E,.. The detunings are defined as A = £,,(0°) - £,
and the fitting results of three detunings (A = 1.1, -77,
-128 meV) are shown in Figs. 2(b)-2(d). The fitted polariton
dispersions are in good agreement with experimental reflection
data with a fitting parameter V' of 32 meV. Therefore, the
strong-coupling condition [44] (Q > (7, + ypn)/2) is satisfied,
where Q is Rabi splitting energy ( = 2 V, 64 meV), y, and
7ph are the FWHMs of the exciton (75 meV from fitted exci-
tonic absorption) and the cavity [36 meV from simulation of
bare cavity in Appendix C Fig. 9(a)], respectively. At the cross-
ing point of excitonic and photonic dispersion, the energy splits
to higher (£, 4+ V) and lower (£, - V) values. For nearly zero
detuning, the crossing point lies at 0°, and the LP and UP
exhibit the hybrid nature of an exciton and cavity photon at
small angles. With increasing angles, the LP and UP dispersion
tends towards excitonic and photonic behavior, respectively.
For negative detunings, the LPs are photon-like and UPs are
exciton-like at small angles. Beyond the hybrid crossing region
of exciton and photon dispersion, the situation reverses at large
angles. Undoubtedly, the anticrossing in the dispersion arises.
To identify the excitonic and photonic fractions of polariton
quantitatively, the Hopfield coefficients [2] of LP were calcu-
lated according to the formulas

Epn(0) - E, >

JERO) By +42)

|C|2 :1<1_ Eph(e)_Ex >’
2N En0) - B 4472

where |X|? and |C|? represent the excitonic and photonic frac-
tions, respectively. The results are shown in Figs. 2(e)-2(g),
consistent with LP polariton dispersion. At the crossing point,
both excitons and photons contribute equally, indicating a half-
light half-matter superposition state of polaritons. At larger
angles, the fraction of excitons tends to one, supporting that
the LP tends to exciton dispersion. The photonic component
dominates at small angles of negative detunings, confirming
cavity-photon-like LP dispersion.

1

)

C. Photoluminescence and Electroluminescence
Performances

The device results of our perovskite polariton LEDs are pre-
sented in Fig. 3. First, the angle-resolved PL (ARPL) and
AREL spectra are displayed in Figs. 3(a)-3(c). The ARPL and
AREL spectra are in good agreement and can be well fitted with
the LP dispersion from ARR presented in Fig. 2. Interestingly,
the ARPL and AREL tend to flatten at larger angles, in contrast
to the parabolic-like cavity dispersion. Notably, the UP in
ARPL and AREL cannot be observed, which can be attributed
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to the large Rabi splitting energy, high absorption above the
bandgap of CsPbBr;, and thermal relaxation to LP, similar
to other reported perovskite strong-coupling microcavities
[16,44,51]. Additionally, the ARPL and AREL of the device
with -128 meV detuning display an accumulated emission
in the range of 20° to 35°, indicating the presence of a bottle-
neck effect [44,53].

The LED performances are shown in Figs. 3(d)-3(i). The
three-layer energy cascade structure NiO, /TFB/PVK helps
overcome an energy gap of about 0.9 eV between ITO and
CsPbBr; [Fig. 3(d)] while avoiding fluorescence quenching.
This structure is widely used in perovskite blue and green
LEDs [47,54]. Electrons are injected into the CsPbBr; conduc-
tion band through the TPBi layer from the 30 nm MAA cath-
ode. The reference LED device without a microcavity structure
exhibits a peak EQE of 6.5% in Appendix C Figs. 8(a) and
8(b). It is noted here that we used much thicker CsPbBr; film
than those commonly reported high-efficiency CsPbBr; LEDs
to increase the excitonic absorption cross sections in the cavity,
which might lead to unbalanced electron and hole injection, as
discussed in Appendix C Fig. 8(c).

The J-V-L-EQE characteristics of our perovskite polariton
LED with three detunings are compared in Figs. 3(e) and 3(f).
All devices have a normal turn-on voltage of 2.6-2.8 V.
Considering the nearly identical /-V curves and the different
max luminance of 1152, 2311, and 2474 cd/m? for detunings
of 1.1, 77, and -128 meV, the peak EQEs are calculated to
1.7%, 3.85%, and 3.7%, respectively. The lower EQE of the
1.1 meV detuning device may be due to the server self-absorp-
tion. The inset in Fig. 3(e) shows our device emitting bright
green light under operation. The shape of the EL spectrum
was almost unchanged when increasing current density from
3.33 to 33.3 mA/cm? as shown in Fig. 3(g), indicating the
stability of the microcavity structure under different current in-
jections. The EL FWHM of the 77 meV detuning device is
7.9 nm (35 meV). The statistics of the peak EQE of the fab-
ricated devices in Fig. 3(h) demonstrate a centered distribution
and good repeatability. Moreover, the 7’5 lifetime at an initial
max luminance of 700 cd/m? is 6.4 min [Fig. 3(i)], at least
ensuring that the device characteristic can be reliably measured.

D. Effect of Top Reflective MAA Electrode on the
Device

The quality factor (Q) of a microcavity can be influenced by the
reflectivity of the cavity mirror, as reported in previous studies
[55,56]. In this section, we investigate the effect of changing
the reflectivity of the top mirror by altering the thickness of
the top metal electrode MAA. Specifically, we modified the
thickness of the top-MAA cathode to 20 and 40 nm based
on the -77 meV detuning device. The ARR spectra of the de-
vices are presented in Fig. 4(a), and both devices exhibit two
polariton dispersion branches. Notably, the reflection dips of
the 40 nm MAA device are narrower and shallower than those
of the 20 nm MAA device, indicating a higher reflectivity of the
thicker mirror in a lossy cavity. The ARPL and AREL of the
two devices are compared in Figs. 4(b) and 4(c), respectively.
The angle-dependent emission fits well with the LP dispersion,
and the coupling strength V' is nearly the same for both devices,
at approximately 32 meV. However, the detuning of the 40 nm
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Fig. 3. Optoelectronic performance of the device. (a)—(c) Angle-resolved PL/EL spectra of the three detunings. UPs, LPs, ., and £, dispersions

from fitted ARR in Fig. 2 are marked simultaneously. (d) Energy-level diagram of the as-fabricated device; (e), (f) comparison of current density(/)-
voltage(V)-luminance(L)-external quantum efficiency (EQE) curves (inset: photograph of perovskite exciton—polariton LED at operation); (g) spec-
tral stability of the -77 meV detuning device under different current densities; (h) distribution of peak EQE for -77 meV detuning devices;
(i) operational stability of the -77 meV detuning device under constant current measured with an initial max luminance of 700 cd/cm?.

MAA device is shifted to -50 meV. This phenomenon is sup-
ported by the simulation of a bare cavity, as shown in
Appendix C Figs. 9(b) and 9(c). The simulation indicates that
the thicker metal mirror reduces the metal reflective phase shift
and leads to the reducing total optical thickness of the cavity,
resulting in a blueshift of the resonance wavelength according
to the resonance condition [57]. Regarding the LED perfor-
mances, the 20 nm MAA device shows a maximum luminance
of 3526 cd/m? and peak EQE of 5.37%, while the 40 nm
MAA device exhibits a maximum luminance of 2346 cd/m?
and peak EQE of 2%, as presented in Figs. 4(d) and 4(e).
The difference in EQE can be attributed to the outcoupling
efficiency, which is influenced by the thickness of the top metal
electrode. Benefiting from the high Q value of the 40 nm
MAA-based microcavity, the FWHM of EL is narrowed to

6.5 nm (28.3 meV), which is about half that of the 20 nm
MAA device (12.6 nm, 56.2 meV), as shown in Fig. 4(f).
Therefore, there is a trade-off between high EQE and narrow
spectral width for microcavity polariton LEDs. Interestingly,
the 6.5 nm EL FWHM is the narrowest bandwidth for
spin-coated perovskite LEDs reported so far.

Although we have demonstrated that perovskite polariton
LEDs can work in the strong-coupling regime under RT,
the current density required to reach the threshold of Bose—
Einstein condensation for coherent lasing emission is still far
from being achieved. With the rapid development of perovskite
LEDs [58-63], we can anticipate a more stable and efficient
perovskite polariton LED that bears higher current injections.
The Q factors can certainly be improved not only by improving
the reflection of mirrors employing double DBRs, but also
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Fig. 4.

spectra with 20 and 40 nm MAA electrodes.

Influence of MAA electrode thickness on device performance. (a) Angle-resolved reflectivity of devices with 20 and 40 nm MAA as top
electrodes; (b), (c) angle-resolved PL/EL of devices with 20 and 40 nm MAA as top electrodes; (d), (e) /-V-L-EQE characteristics; (f) normal EL

by reducing the optical losses by optimizing film morphologies
and electrical injection structure. As for the gain material,
though low-dimensional perovskite generally has larger
exciton binding energy, we are still more favorable for the
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Fig. 5.

Fabrication process of our perovskite polariton LED.

Thermal Evaporation
Mg:Ag electrode
(with a mask )

Thermal
Evaporation

three-dimensional perovskite that intrinsically has better mobil-
ity and phase purity. With the collaborative efforts from both
device and material sides, we believe the electrically pumped
perovskite polariton laser will be ultimately realized.
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4. CONCLUSION

In conclusion, we have successfully demonstrated the operation
of RT solution-processed perovskite polariton LEDs by
combining a solution-processed CsPbBr; LED with a metal-
dielectric microcavity. The prepared CsPbBr; film displayed a

1@ Research Article

distinct excitonic characteristic at the band edge and main-
tained a good luminescence capacity. We confirmed the strong
coupling regime through dispersion relation analysis from
angle-resolved reflectivity measurements, with a Rabi splitting
energy of 64 meV. Moreover, AREL and ARPL with different
detunings followed the LP branch dispersion. Our perovskite
polariton LEDs exhibited external quantum efficiencies (EQEs)
of 1.7%, 3.85%, and 3.7% for 1.1, 77, and -128 meV detun-
ings, respectively, with maximum luminance of 1152, 2311, and
2474 cd/m?. Further explorations on the reflection of the metal
mirror lead to a device with higher efficiency of 5.34% and a
device with a narrower emission bandwidth of 6.5 nm. We have
made groundbreaking progress by developing RT perovskite po-
lariton LEDs that are compatible with widely used solution-
processed perovskite device technology. However, there is still
room for improvement in terms of enhancing device perfor-
mance, achieving electrically pumped perovskite polariton
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Fig. 7. Additional reliability data of device fabrication. (a) Reflection of TiO,/SiO, substrate. (b) Edge of ITO film sputtered with a 0.1 mm
thick mask. (c) XRD pattern for the prepared CsPbBr; film. (d) AFM topography image of the prepared CsPbBr; film. The root mean square (RMS)
roughness is 1.737 nm. (e) Temperature-dependent photoluminescence of prepared CsPbBr; film; the inset is a photograph of prepared CsPbBr;
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condensation, and developing other types of electrically injected
perovskite polariton devices that can operate at RT.

APPENDIX A

In this section, we provide two schematics: the fabrication pro-
cess of our perovskite polariton LED in Fig. 5 and the setup of
normal reflection detection in Fig. 6.

APPENDIX B

In this section, we provide some additional fabrication reliabil-
ity data in Fig. 7.

APPENDIX C

In this section, we provide performances of the reference LED
device in Figs. 8(a) and 8(b), electrical properties of single-
carrier devices in Fig. 8(c), calculation methods of effective re-
fractive index in Eq. (C1), and simulation of bare cavity reflec-
tion in Fig. 9.

The effective refractive index 7.4 is expressed by

_ npprLlppr + D md;

Vol. 11, No. 10 / October 2023 / Photonics Research 1799

where 7;, d; are the refractive index and thickness of each layer
inside the microcavity, and 7pgr, Lppr are the effective refrac-
tive index and penetration length for DBR expressed in
Ref. [44], respectively.
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