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Abstract: The performance of monochromatic perovskite light-emitting diodes (PeLEDs) has under-
gone rapid development in recent years, while white PeLEDs are still in their infancy. The tandem
devices prepared by connecting light-emitting units of different colors with intermediate connectors
comprise one of the promising approaches for realizing white light emission. The intermediate
connector plays a crucial role in determining the effectiveness of the light-emitting units. In this work,
all-perovskite-based white LEDs are assembled by employing sky-blue (490 nm) and red (690 nm)
perovskite emitters as active layers. With mixed p-type and n-type organic charge transport materials
as the intermediate connector, the highest external quantum efficiency (EQE) of the device was 1.4%,
the electroluminescence (EL) peak position of the blue light part was shifted to 512 nm, and the red
light part was shifted to 673 nm. In contrast, with organic and inorganic charge transport materials
as the intermediate connector, the devices exhibited better charge generation/injection capabilities
and a record EQE of 8.5%. The EL peak position of the device prepared from the stored film was not
shifted, implying that the organic/inorganic layer effectively suppresses halide migration. Our work
paves the way for highly efficient tandem white PeLEDs.

Keywords: tandem; white perovskite light-emitting diodes; organic/inorganic intermediate connector

1. Introduction

In recent years, driven by strong demand for AR (augmented reality)/VR (virtual
reality) displays, flexible and foldable specially shaped screens, and large-size displays, new
light-emitting diode (LED) technology has entered a period of vigorous development [1-3].
Among them, perovskite fluorescent films and perovskite light-emitting diodes (PeLEDs)
have received great attention from researchers [4-6]. On the one hand, perovskite exhibits
the highest blue light absorbance among commercial quantum dot materials [7], and is an
ideal color conversion material for future high-pixel-density display applications [8]. On
the other hand, the direct bandgap property of perovskite makes its emission linewidth
extremely narrow, which means that it can display richer and more saturated colors in
the visible spectrum [9]. In addition, perovskites have the advantages of low-cost process-
ing [10], facile tunability of emission color [11], and high carrier mobility [12], thus, PeLEDs
also show unprecedented advantages in future display [13].

Since the first realization of PeLEDs emitting light at room temperature in 2014 [14],
breakthroughs have been made in the efficiency of monochromatic PeLEDs. The highest
efficiencies of red, green, and blue devices reported so far are 22.2% [15], 28.1% [16], and
13.8% [17], respectively. The white PeLEDs are still at a relatively primitive level [18].
Existing works mainly adopt three approaches to realize white PeLEDs. One is to use
perovskites as color conversion materials. Due to the high color purity of perovskites,
perovskites can be combined with commercial GaN to enhance the color rendering index
(CRI) of conventional white LEDs [19]. The second is to combine multiple LED chips in
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a plane or vertical direction to emit white light [20]. This approach avoids energy loss
during color conversion and thus achieves high luminescence efficiency (LE). However,
since the driving current and life span of the LED chips are different, this puts forward
higher requirements for the control system to achieve stability of the white light spectra [21].
The third is to achieve white light through a single LED chip, including devices using a
single active layer [22] or a tandem structure using multiple active layers [23].

The white PeLEDs based on self-trapped excitons (STEs) have gradually attracted
attention, including double perovskites [24], two-dimensional (2D) perovskites [25-27],
and perovskite derivates [28,29]. Although these materials exhibit high photolumines-
cence quantum yields (PLQY), the wide band gap of the material itself and the relatively
deep valence band make it difficult to inject holes in the preparation of electroluminescent
(EL) white LEDs. Zeng et al. developed an «/3-CsPbl; heterophase structure combining
5-CsPbls, with a broad emission spectrum, and «-CsPbls, with a high carrier transport
capability [21]. The final fabricated white PeLEDs achieved a maximum brightness of
12,200 cd/m? and an EQE of 6.5%. Nonetheless, high-efficiency white LEDs based on
self-trapped excitons need to be further investigated and improved. In addition, single-
layer devices also include the preparation of perovskites with different halogen composi-
tions [30], or those prepared by mixing perovskites with organic materials [31]. However,
these methods suffer from the problem of halide migration or unavoidable energy transfer
(ET) resulting in spectral instability. Tandem devices are used to overcome this problem
by sterically blocking the halide migration and ET processes. Mao et al. used two or-
ganic materials, bis(1-phenyl-1H-benzo [d]-imidazole) phenylphosphine oxide (BIPO) and
poly(4-butylphenyl-diphenyl-amine) (Poly-TPD), as the intermediate connector, combined
with the blue-emitting CsPb(Br/Cl); quantum dots and the red-emitting quasi-2D per-
ovskite (CH3CHy;CH,;NHj3),CsPb;ly to achieve white light with chromaticity coordinates
of (0.32, 0.32), while the EQE achieved was only 0.22%, which may be caused by the
insufficient charge generation/injection capabilities of the intermediate connector. The
intermediate connector of a tandem device usually acts as an internal electrode to generate
charge carriers and facilitate the injection of opposite carriers into adjacent light-emitting
units. The intermediate connectors in tandem organic LEDs (OLEDs) and quantum dot
LEDs (QLEDs) have been extensively studied [32-34], while in PeLEDs, they are still rare.
Further research on the design of intermediate connectors is needed to significantly improve
the performance of tandem white PeLEDs.

2. Materials and Methods

Materials: PbBr; (99.99%), Pbl; (99.99%), CsBr (99.99%), Cs,COs3 (99.99%), EABr,
PEABr, TPBi, and PTAA were purchased from Xi’an Polymer Light Technology Corp.
(China). HATCN was purchased from Macklin Inc. (China). Znl, (99.99%), octadecene
(ODE, 90%), oleylamine (OAm, 90%), oleic acid (OA, 90%) and octane were purchased from
Aladdin Inc. (China). PEDOT:PSS (Clevios Al4083) solution was bought from Heraeus in
Germany. All chemicals were used as received.

Preparation of Zn-CsPblz quantum dots and quasi-2D perovskite PEA;(Csj.<EA-
PbBr3),PbBry: For Zn-CsPblz quantum dots, 15 mL ODE, 1.25 mL OA, and Cs,CO3 (0.407 g)
were loaded into a 50 mL three-neck flask, and heated to 120 °C under vacuum for 30 min.
The mixture was further heated to 150 °C under N, and was kept heated for 1 h until a
clear solution was obtained, then the cesium oleate was collected and the mixture was
cooled to room temperature. Pbl; (0.173 g), Znl, (0.12 g), and ODE (10 mL) were loaded
into a 50 mL three-neck flask and heated to 120 °C under vacuum for 30 min, then OA
(2 mL) and OAm (2 mL) were injected under the protection of N,. The temperature was
increased to 170 °C and 1.5 mL cesium oleate solution was quickly injected, and after 5 s, the
solution was immediately cooled down to room temperature in an ice water bath. The Zn-
CsPbls quantum dots were purified by centrifuging at 6000 rpm for 5 min, the supernatant
was discarded, and the precipitate was dispersed in octane. Zn-CsPbl; was purified by
centrifuging at 11000 rpm for 10 min and the precipitate was dispersed in octane at a
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concentration of 10 mg/mL. For the PEA,(Cs;_«EAPbBr3),PbBry precursor, CsBr (0.2 M)
and PbBr; (0.1 M) were continuously stirred in DMSO for 1 h at room temperature. PEABr
(0.2 M) and PbBr; (0.1 M) were continuously stirred in DMSO for 1 h. Then, the CsPbBrs
precursor was mixed with the PEA,PbBry precursor at a volume ratio of 2:1. The molar
ratio of EABr to PbBr; was 2:5.

PeLED device fabrication: Indium tin oxide (ITO)-coated glass substrates (8 (2 sq_l)
were sequentially pre-cleaned with deionized water and isopropyl alcohol in a bath sonica-
tor, then annealed at 120 °C for 2 min. The ITO glasses were processed in UV-ozone for
10 min. PEDOT:PSS was first deposited by spin coating at 5000 rpm for 30 s, followed by
annealing at 150 °C for 15 min. The substrates were transferred into a N,-filled glove box.
For blue PeLEDs, the PEA,(Cs1xEA4PbBr3),PbBry precursor was spin-coated at 2500 rpm
for 1 min and annealed at 60 °C for 10 min. For red PeLEDs, PTAA was dissolved in
chlorobenzene (10 mg/mL) and spin-coated at 3000 rpm for 1 min, followed by annealing
at 130 °C for 10 min. Then, Zn-CsPbl; was spin-coated at 2000 rpm for 1 min and annealed
at 60 °C for 5 min. In the case of B3SPYMPM/PTAA, after PEA,(Cs1_xEAxPbBr3),PbBr, was
prepared, the B3SPYMPM and PTAA were dissolved in chlorobenzene (the weight ratio
was 1:1, 10 mg/mL) and spin-coated at 2500 rpm for 1 min, and annealed at 80 °C for
15 min. Then, Zn-CsPbl; was spin-coated at 2000 rpm for 1 min and annealed at 60 °C for
5 min. In the case of B3APYMPM/PTAA, after PEA;(Cs1.xEAPbBr3),PbBry was prepared,
TPBi (40 nm, ~252 °C, 1.5 A s~1), Al (2 nm, ~620 °C, 0.2 A s~1), HATCN (18 nm, ~480 °C,
1A s’l), and MoO?® (10 nm, ~720 °C, 0.2 A s~ 1) were thermally evaporated at a base
pressure of <3 x 107° Torr. Then, PTAA was dissolved in chlorobenzene (10 mg/mL) and
spin-coated at 3000 rpm for 1 min, followed by annealing at 80 °C for 15 min. Zn-CsPbl;
was spin-coated at 2000 rpm for 1 min and annealed at 60 °C for 5 min. To finish the
preparation of all the PeLED devices, TPBi (40 nm, ~252 °C, 1.5 A s’l), LiF (1 nm, ~800 °C,
0.2 A s71), and Al (100 nm, ~620 °C, 2 A s~1) were thermally evaporated at a base pressure
of <3 x 107® Torr. A shadow mask was used for the electrode deposition and the final
active area was 4 mm?. The devices were tested directly in the glove box. The current-
luminance-voltage (I-L-V) characteristic curve and the EL spectra of PeLEDs were measured
by the EL measurement system (Enlitech, LQ-100X). Characterization: The UV —visible
absorption was obtained with a Shimadzu SolidSpec-3700 spectrophotometer. The XRD
patterns of the perovskite films were obtained with a Rigaku MiniFlex600 X-ray powder
diffractometer. The TEM image was obtained with a transmission electron microscope
(JEOL, Japan) operated at an acceleration voltage of 200 kV. The SEM image was obtained
with a ZEISS Supra 55 Sapphire thermal field emission scanning electron microscope. The
PL and EL characteristics were measured with a commercialized integrated spectrometer
system (LQ-100X, Enlitech) with a source meter (B2901A, Keysight) and equipped with an
integrated sphere and a photomultiplier tube (PMT). The LQ system is mainly composed of
a PTFE integrating sphere, a PMT, and a spectrometer. The emission photons are collected
by the PTFE integrating sphere and coupled into an optical fiber which is connected to the
PMT and the spectrometer. The PMT is used to detect the low-light intensity region at a
low driving voltage. The spectrometer is used to analyze the emission spectra and intensity.
The whole system is calibrated with a NIST-traceable standard lamp to radiant flux units
(uW/mm). For the calculation of the external quantum efficiency (EQE), refer to references
discussing the characterization of the efficiency of perovskite solar cells and light-emitting
diodes [35,36].

3. Results and Discussion

Herein we prepared a quasi-2D perovskite PEA,(Cs1«EA4PbBr3),PbBry (EA = ethylam-
monium; PEA = phenylethylammonium) as the blue light emitter and Zn-alloyed CsPbl3
quantum dots as the red light emitter. The p-type poly(triarylamine) (PTAA) and n-type
4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PYMPM) intermediate connector
was replaced by Al/1,4,5,8,9,12-hexaazatriphenylenehexacarbonitrile (HATCN)/MoOs3, the
carrier distribution was more balanced and the ion migration was effectively hindered. As
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a result, the EQE of the devices was increased from 1.4% to 8.7%, and the spectral stability
under different biases and in storage was improved.

The steady-state photoluminescence (PL) and absorbance spectra of the Zn-CsPbl;
nanocrystal film are shown in Figure 1a. The film has an emission peak at 690 nm.
The X-ray diffraction (XRD) results show that the Zn-CsPbl3 nanocrystals have a cubic
phase (Figure 1b), and the transmission electron microscopy (TEM) image shows that
the Zn-CsPbl3 nanocrystals have a cubic shape. The PL and absorbance spectra of the
PEA(Cs1.xEAxPbBr3),PbBry film are shown in Figure 1d. The film has an emission peak at
490 nm. The XRD result, shown in Figure 1e, and the scanning electron microscope (SEM)
image show that the PEA;(Cs.xEAxPbBr3),PbBry film is dense (Figure 1f). We fabricated
blue and red monochromatic devices. As shown in Figure 2a, the blue-emitting device
adopts poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) and 1,3,5-
tris(N-phenylbenzimidazol-2-yl) benzene (TPBi) as the hole and electron transport layers,
respectively; the PEA;(Cs;.xEAxPbBr3),PbBry was chosen for the active layer, which has
proved to be able to fabricate highly efficient blue PeLEDs [37]. Here, the blue PeLED shows
a turn-on voltage of 2.8 V, a maximum brightness of 538 cd /m? (Figure 2b), a maximum
EQE of 4.1% (Figure 2c), and the EL peak is at 490 nm (Figure 2d). The red PeLED adopts
PEDOT:PSS and PTAA as the hole transport layer and TPBi as the electron transport layer.
The introduction of Zn during the synthesis of CsPbl; quantum dots was confirmed to
effectively eliminate defects and improve phase stability [38]. The red PeLED shows a
turn-on voltage of 3.4 V, a maximum luminance of 588 cd/m? (Figure 2f), a maximum EQE
of 7.4% (Figure 2g), and the EL peak is at 690 nm (Figure 2h).
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Figure 1. (a) PL and absorbance spectra of Zn-CsPbl3 nanocrystal film. (b) XRD spectrum of Zn-
CsPbl; nanocrystal film. (c) TEM image of Zn-CsPbl; nanocrystals. (d) PL and absorbance spectra of
PEA,(Cs1.«EALPbBr3),PbBry film. (e) XRD spectrum of PEA,(Csj.xEAPbBr3),PbBry film. (f) SEM
image of PEA,(Cs1.xEAPbBr3),PbBry film.
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Figure 2. (a,e) Energy level diagrams of blue and red PeLEDs. MHP: metal halide perovskite. (b) and
(f) Current density and luminance versus voltage plots of blue and red PeLEDs. (¢,g) EQE versus
voltage plots of blue and red PeLEDs. (d,h) EL spectra of blue and red PeLEDs.

The orthogonality of the solvent needs to be considered in the preparation of the
tandem device, and the light-emitting direction needs to avoid going from the blue-emitting
layer to the red-emitting layer, which would result in a part of the blue light energy being
absorbed and energy loss. Here, the tandem device structure is shown in Figure 3a; we use
the polar solvent dimethyl sulfoxide (DMSO) to prepare the blue emission layer, which is
located at the bottom of the device. The red quantum dots are dispersed in the non-polar
solvent n-octane, which prevents damage to the blue emission layer during the spin coating
process. Meanwhile, when the device is working, the light-emitting direction is from the
red-emitting layer to blue-emitting layer, avoiding the energy loss caused by blue light
absorption. We first chose organic/organic materials as the intermediate connector, as this
structure has been proven to effectively modulate the transport and distribution of electrons
and holes, resulting in spectrally stable devices [23]. We dissolved B3PYMPM and PTAA in
chlorobenzene and spin-coated on the blue emission layer as an intermediate connector. As
shown in Figure 3b, the turn-on voltage of the device is 6.8 V, and the device achieves a
maximum luminance of 15 cd/m? at 10.4 V. The maximum EQE is only 1.4% (Figure 3c),
which is much lower than that of monochromatic devices. The higher turn-on voltage
indicates that the energy level of the intermediate connector does not match the emission
layer, while the low brightness of the device indicates that the intermediate connector has
an inefficient charge generation/injection capability [33]. Figure 3d shows the EL spectra
of the device from 7.2 V to 10.4 V. The EL peaks at 490 nm and 690 nm are consistent
with monochromatic devices. As shown in Figure 3e, the Commission Internationale de
I'Eclairage (CIE) coordinates corresponding to the EL spectra at different biases exhibit
large deviations. The x value fluctuates between 0.22 and 0.29, and the y value fluctuates
between 0.36 and 0.38. In addition, we carried out a storage stability test. The films were
placed in a glove box for 7 days, after the spin-coated red quantum dot had been placed,
then TPBi/LiF/Al was evaporated. The EL spectrum is shown in Figure 3f; the blue
emission peak red-shifted from 490 nm to 512 nm, and the red emission peak blue-shifted
from 690 nm to 673 nm. This indicates that the BAPYMPM/PTAA intermediate connector
cannot suppress the halide migration, and Br ions and I ions diffuse from their respective
emission layers.
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Figure 3. (a) Energy level diagram of tandem PeLEDs. (b) Current density and luminance versus
voltage plots of tandem PeLEDs. (c¢) EQE versus voltage plots of tandem PeLEDs. (d) EL spectra of
tandem PeLED:s at different biases. (e) CIE coordinates. Each black dot corresponds to the spectra in
(d). (f) The EL spectra of a fresh and an aging device.

In order to improve the ability of the intermediate connector to efficiently gener-
ate/inject charge and thus optimize the energy level structure, we used Al/HATCN/MoOs
to replace BBPYMPM/PTAA, and the energy level structure diagram is shown in Figure 4a.
In this structure, carriers are generated at the interface of MoO3; and PTAA, and electrons
can be efficiently transported from the valence band of PTAA to the conduction band
of MoOs, and further transported to the conduction band of HATCN and Al under the
bias, then injected into TPBi. Meanwhile, holes can be efficiently transported from MoOs3
to PTAA [38]. As shown in Figure 4b, the turn-on voltage of the device drops to 6.2 V,
compared to the higher turn-on voltage in the BBPYMPM/PTAA case. The maximum lumi-
nance is 58 cd/m? at 13.6 V. The lower turn-on voltage indicates that the energy level of the
intermediate connector matches well with the emission layer, while the higher brightness
of the device indicates that the Al/HATCN/MoQj3 has better charge generation/injection
capabilities. As a result, the device achieves a maximum EQE of 8.5% (Figure 4c), which
is the record EQE for all-perovskite EL white LEDs. The spectrum from 7.2 V to 10.4 V is
shown in Figure 4d. Similarly, the EL peak position of the device is consistent with that of
the monochromatic device. The inset shows an image of the white PeLED at an applied bias
of 9.6 V, emitting bright and uniform white light. The CIE coordinates corresponding to the
spectra at different biases are shown in Figure 4e, and the coordinate values fluctuate within
a small range. The x values are between 0.31 and 0.34, and the y values are between 0.33
and 0.36. The A1/HATCN/MoQj case exhibits more stable white emission, which indicates
that the carrier distribution is more balanced after the replacement of the intermediate con-
nector. Likewise, we performed spectral stability tests. As shown in Figure 4f, the spectral
peak position of the device did not shift after 7 days, indicating that the organic-inorganic
transport layer had successfully suppressed the diffusion of halide ions.
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Figure 4. (a) Energy level diagram of tandem PeLEDs. (b) Current density and luminance versus
voltage plots of tandem PeLED:s. (c) EQ versus voltage plots of tandem PeLEDs. (d) EL spectra of
tandem PeLEDs at different biases. Inset of panel (d): a photograph of the white PeLED. (e) CIE
coordinates. Each black dot corresponds to the spectra in (d). (f) The EL spectra of a fresh and an
aging device.

4. Conclusions

In summary, by adjusting the intermediate connector, we successfully improved
the EQE of the tandem white PeLEDs from 1.4% to 8.5%. Compared with the organic
hybrid transport layer, the organic-inorganic interconnecting layer has better charge gen-
eration/injection capabilities and energy level matching, thereby reducing the turn-on
voltage. The distribution of carriers is more balanced, such that the spectra are more
stable under different biases. In addition, this multilayer structure can also suppress the
diffusion of halide ions more effectively. Nevertheless, we can see that the device under the
Al/HATCN/MoOs structure has a low brightness compared to the monochromatic device,
and the EQE does not reach the sum of the EQEs of the monochromatic devices. Further
work needs to be optimized in the selection of interlayer materials to further improve carrier
transport and radiative recombination. We believe that this multilayer organic/inorganic
structure will pave the way for the future development of efficient and stable all-perovskite
white light devices.
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