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ABSTRACT: We demonstrate a kind of perovskite/organic hybrid white
electroluminescent device, where an ultrathin doping-free organic phosphor-
escent interlayer is embedded between a p-type hole transport layer and a n-
type electron transport layer to give an organic p−i−n heterojunction unit,
which is superimposed layer by layer onto a quasi-two-dimensional perovskite
layer. The unique carrier transport character of the p-type hole transport layer
leads to a broad carrier recombination region approaching the p−i−n
heterojunction unit. As a result, pure-red emission from the perovskite layer
and sky-blue emission from the organic p−i−n heterojunction were
simultaneously achieved to generate white emission with a peak external
quantum efficiency of 7.35%, Commission Internationale de L’Eclairage
coordinates of (0.424, 0.363), and a low correlated color temperature of
2868 K. More importantly, excellent spectral stability and a greatly enhanced
operating lifetime (10-fold longer than those of perovskite-only LEDs) are
simultaneously achieved, providing a new path for the development of high-performance white LEDs.

Metal halide perovskites have attracted widespread
attention for the next-generation display and solid-
state lighting technology due to their advantageous

optoelectronic properties, such as high photoluminescence
quantum yield (PLQY), high carrier mobility, widely tunable
band gap, and low-cost solution processing.1−5 After the rapid
progress in the past few years, the recorded maximum external
quantum efficiencies (EQEmax) of green,6,7 red,8 and near-
infrared9 perovskite light-emitting diodes (LEDs) have
surpassed 20%, and decent EQEs of over 12% have been
realized for blue perovskite LEDs.10−12

However, the development of white perovskite LEDs still
lags far behind that of their monochromatic LEDs, and only a
few perovskite-based white electroluminescent devices have
been reported (Table S3),13−24 possibly limited by the lack of
efficient and stable blue perovskite LEDs or the rapid ion
exchange reaction between the halogen components of
different color perovskites. Efficient white LEDs can be readily
achieved by coating perovskite emitters on commercial
inorganic LED chips.25 Some two-dimensional lead-based
perovskites26 and lead-free halide double perovskites27 taking
advantage of broad-band white photoluminescence (PL) from
self-trapped excitons have also been developed as emitters in
white LEDs, while poor charge-carrier injection and transport

of those materials limit their practical application in electro-
luminescent (EL) devices, even though strong white PL can be
observed. Attempts have been made to create perovskite-based
white electroluminescent devices; a series of rare-earth-ion-
doped perovskites20 and heterophase lead halide perov-
skites22,24 have been used for fabricating single-emitting-layer
white perovskite LEDs whose maximum EQE has reached
6.5%. Nevertheless, the poor EL spectral stability of these
devices under different applied biases hardly satisfy the criteria
for high-quality lighting. In addition, different-color perovskites
with high PLQYs blended with organics,16,21 polymers,14 or
oligomers13 were also used to fabricate perovskite/organic
hybrid white electroluminescent devices. However, the
decreased intermolecular distance increases the unwanted
energy transfer (ET), leading to the quenching of blue
emission and consequently unsatisfactory white light gen-
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eration. Then, bilayer17 or tandem configurations15 were
employed to suppress the ET process. As a typical example, a
cyan perovskite quantum dot was combined with a red two-
dimensional (2D) perovskite film and further separated by a
well-designed organic interlayer.15 However, a sophisticated
architecture and a complicated process are required for the
device preparation, impeding the adaptation of these
processing approaches. Soon thereafter, to further simplify
the processing route, a single-step antisolvent-assisted spin-
coating technology that enables the loading of the red organic
compound on a blue-emitting perovskite was proposed.19 The
ET process was effectively suppressed, and the peak EQE was
improved to 1.3%; however, the device efficiency and stability
were largely limited by the blue perovskites.
Hybridization of red perovskites and blue phosphorescence

or thermally activated delayed fluorescence materials might be
a more attractive strategy, for which both organics are capable
of harvesting singlet and triplet excitons to achieve 100%
exciton utilization.28,29 Unfortunately, perovskite precursors
are usually only soluble in a few polar solvents, and the
formation of polycrystalline perovskite films needs to undergo
an in situ self-assembly process. However, organic materials are
generally dissolved in nonpolar solvents for spin coating or
thermally evaporated under vacuum, which makes the
integration of organic/inorganic hybrid emitters into an
electroluminescent device challenging. Thus, on consideration
of the energy relationship and incompatible processing
method, multiple-emission-layer (EML) structures based on
red perovskites and blue organics are more suitable to achieve
perovskite/organic hybrid white LEDs. When carriers are
injected into the device, the red-emitting perovskite with a
narrow band gap has the priority to capture carriers, leading to
the exciton recombination center being confined in the
perovskite layer and only red emission being observed. An

ultrathin red perovskite film might be desirable to reduce the
unwanted trap effect; however, it is very challenging to
fabricate defect-free and smooth perovskite films below 50 nm.
Together with the tremendous difference in carrier mobility
between the perovskite film and the organic functional layer,
engineering the carrier recombination zone for efficient
perovskite/organic hybrid white LEDs is formidable. Thereby,
it is urgent to come up with new strategies to eliminate the
current dilemma.
Herein, we put forward a facile and efficient approach to

realize perovskite/organic hybrid white LEDs by using a pure-
red perovskite and a sky-blue organic p−i−n heterojunction as
emissive layers. The organic p−i−n heterojunction includes
the p-type hole transport layer 4,4′-cyclohexylidenebis[N,N-
bis(p-tolyl)aniline] (p-HTL, TAPC), the embedded ultrathin
doping-free organic phosphorescent interlayer iridium(III)
bis(3,5-difluoro-2-(2-pyridyl)phenyl(2-carboxypyridyl) (inter-
layer, FIrpic), and the n-type electron transport layer 3-(5,9-
dioxa-13b-boranaphtho[3,2,1-d,e]anthracen-7-yl)-9-phenyl-
9H-carbazole (n-ETL, BOCzPh) (Scheme S1 in the
Supporting Information), which are sequentially superimposed
onto the perovskite layer via a vacuum deposition technology
without the need for a complicated coevaporation process. The
p−i−n heterojunction30−33 with sky-blue emission is intro-
duced as a compensation for the pure-red emitting perovskite,
and the unique carrier transport character of the p-HTL in the
device leads to a broad carrier recombination region
approaching the p−i−n heterojunction unit. As a result, the
light emissions from the red perovskite and the blue organic
p−i−n heterojunction were simultaneously achieved to
generate white emission with a peak EQE of 7.35%,
Commission Internationale de L’Eclairage (CIE) coordinates
of (0.424, 0.363), and low correlated color temperature
(CCT) of 2868 K. In addition, the system also exhibits stable

Figure 1. (a) Schematic description of the device structure of the perovskite/organic hybrid white LEDs. (b) Molecular structures of the
materials used in the organic p−i−n heterojunction. (c) Energy diagram for the device configuration.
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EL spectra under different operating voltages as well as greatly
enhanced operating stability (10-fold longer than those of
pure-red perovskite LEDs). Advances in the design of more
efficient and stable perovskites or organics should further
improve the device performance in the future.
Figure 1a depicts the conceptual configuration of the

perovskite/organic hybrid white electroluminescent device,
where an ultrathin doping-free organic phosphorescent
interlayer (FIrpic) is sandwiched between p-HTL (TAPC)
and n-ETL (BOCzPh) to give a sky-blue-emitting organic p−
i−n heterojunction unit (the molecular structures are shown in
Figure 1b), which is deposited layer by layer atop of the pure-
red Zn−Pb quasi-2D perovskite film (Note S1 and Figures
S1−S5 in the Supporting Information) as coemission layers. In
addition, m-PEDOT:PSS is PEDOT:PSS (Al 4083) modified
by PSS-Na to achieve an increased work function and better
matched energy alignment for hole injection and electron
blocking (Figure S1a), TPBI is used as the electron transport
layer, and ITO and CsF/Al are used as the anode and cathode,

respectively. The detailed fabrication process of the devices is
given in Experimental Section.
The design principle of the device structure is based on the

following three considerations and schematically illustrated in
Figure 1c. (i) p-HTL is inserted between the perovskite layer
and the organic phosphorescent interlayer to increase the
intermolecular spatial distance to suppress the ET process,
because it is indispensable to get sufficient blue component in
white emission. (ii) The modulation of the exciton
recombination region is essential for the coemission from the
perovskite layer and the organic light-emitting unit, which can
be regulated by the insertion of p-HTL. Due to the large
electron injection barrier (1.0 eV) existing in the LUMO
energy levels of p-HTL and n-ETL, in theory, the electrons
passing through the p-HTL to reach the perovskite layer are
forbidden. Nevertheless, when the thickness of p-HTL is
tuned, electrons can be transported from p-HTL to the
perovskite layer by a tunneling effect. As a result, the unique
restrictive effect of electron transport leads to fewer electrons
reaching the narrow-band-gap perovskite layer to be trapped.

Figure 2. (a) Cross-sectional SEM image of device W2. (b) Current density−voltage−luminance (J-V-L) and (c) external quantum
efficiency−current density (EQE-J) characteristics of devices W1−W3. EL spectra of devices (d) W1 and (e) W2 at 4 V and (f) W3 at 5.5 V,
where the turn-on voltage of device W3 improves to 4.0 V and its maximum brightness is only 48 cd m−2. Schematic descriptions of the
working mechanisms of devices (g) W1, (h) W2, and (i) W3.
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The occurrence of more holes than electrons in the perovskite
layer will allow uncaptured holes to pass through the nearly
barrier free TAPC layer, and they further encounter the extra
electrons accumulated at the interlayer to form excitons, which
are then utilized by the organic phosphorescent emitter to give
a blue component in white emission. (iii) An ultrathin
phosphorescent interlayer is sandwiched by the organic p−n
heterojunction to utilize both singlet and triplet excitons for
efficient blue light emission. An exciplex can be formed at the
interface of the chosen p−n heterojunction (Note S2 and
Figures S6 and S7 in the Supporting Information), which can
serve as a high-triplet-energy host to sensitize the ultrathin
organic phosphorescent interlayer (Note S3 and Figures S8−
S10 in the Supporting Information).34

Perovskite/organic hybrid white LEDs were fabricated with
a device structure of ITO/m-PEDOT:PSS (30 nm)/perovskite
(50 nm)/TAPC (x nm)/FIrpic (1 nm)/BOCzPh (20 nm)/
TPBI (30 nm)/CsF (1.2 nm)/Al (120 nm). The thickness of
TAPC was tuned from 3 to 5 and 7 nm, corresponding to
devices W1−W3, respectively. According to the cross-sectional
scanning electronic microscope (SEM) pattern of device W2
(Figure 2a), the thickness of the perovskite layer is
approximately 50 nm. As anticipated, the blue and red
emission peaks in EL spectra are consistent with their
monochromatic devices (Figures S4a and S8a), and white
electroluminescence was successfully achieved for devices W2
and W3 with a dominant red emission from the perovskite
layer (Figure 2d−f). Interestingly, the intensity of blue light
emission from the organic p−i−n heterojunction is gradually
enhanced with increased TAPC thickness, corresponding to
the trend of CIE coordinate change shown in Figure S11. In
addition, charge-carrier injection is simultaneously suppressed
with an increase in TAPC thickness from 3 to 7 nm. This in
return induces an increased turn-on voltage from 2.9 to 4.0 V
(Figure 2b), which can be ascribed to the enhanced
confinement for electron transport to the perovskite layer.
More importantly, a maximum EQE of 6.16% and a brightness
of 148 cd m−2 are achieved for device W2 with CIE
coordinates of (0.456, 0.362) and a CCT value of 2348 K.
Although a better white emission was obtained when 7 nm
TAPC was used, only a peak EQE of 2.96% and a brightness of
48 cd m−2 were achieved for device W3 (Figure 2c and Table
1).
For device W1, nearly only red emission from perovskite can

be observed, indicating that the thickness of TAPC is too thin
to effectively confine electrons. At the same driving voltage,
most of the holes participate in the radiative transition process
of the perovskite layer, and only a few uncaptured holes can

pass through the TAPC layer and then encounter electrons to
generate excitons for blue emission from the organic
phosphorescent emitter. With an increasing thickness of
TAPC, the hole transport will not be affected; however,
electrons are harder to transport into the perovskite layer,
leading to the exciton recombination zone moving to the
direction of the cathode. Thus, fewer carrier pairs are trapped
in the perovskite layer for reduced red emission intensity, and
more uncaptured holes participate in the electroluminescence
process demonstrated above for enhanced blue emission, as in
the schematic description shown in Figure 2g−i.
Unfortunately, the peak brightness of these perovskite/

organic hybrid white LEDs is significantly lower than those of
their corresponding monochromatic devices, i.e., R1 and B2
(Note S4 and , Table S2 in the Supporting Information). Thus,
we have sought to further improve the device performance
through finely altering the thickness of the perovskite film in an
architecture of ITO/m-PEDOT:PSS (30 nm)/perovskite (50,
40, or 30 nm)/TAPC (5 nm)/FIrpic (1 nm)/BOCzPh (20
nm)/TPBI (30 nm)/CsF (1.2 nm)/Al (120 nm); the
corresponding devices are labeled W2, W4 and W5,
respectively (Note S5 and Figures S12−S16 in the Supporting
Information). As a result, it is surprising that a maximum EQE
of 7.35% and a brightness of 764 cd m−2 can be achieved for
device W4 (Table 1), with a CCT value of 2868 K and CIE
coordinates of (0.424, 0.363). In comparison with device W2,
the significant improvement in the peak EQE and brightness
might be attributed to three aspects. (i) In device W2, most of
the holes are captured in the perovskite layer and cannot pass
through the TAPC layer; however, the excessive electrons
accumulate in the organic phosphorescent interlayer, causing
unbalanced charge carriers at the p−n heterojunction interface.
However, for device W4, the higher hole transport property in
the thinner perovskite layer would introduce more holes
passing through the TAPC layer, leading to a relatively more
balanced charge-carrier recombination in the p−i−n hetero-
junction unit and thus improved device performance. (ii) More
photons emitted from the blue p−i−n heterojunction unit can
be extracted through the thinner perovskite layer. (iii) There is
a weakened perovskite parasitic absorption loss, evidenced by
the obviously reduced red PL emission in thinner perovskite
films on excitation by incident blue light (485 nm) with the
same intensity (Figure S17). In addition, a detailed optical
simulation was performed for red perovskite LEDs (devices
R1−R3) to indirectly prove the higher exciton utilization
efficiency in device W4. The detailed simulation parameters
and process are shown in Figure S18 and Note S6 in the
Supporting Information. Figure S18 illustrates the relative
average contribution of photon distribution: i.e., the
distributed quantum efficiency of all channels dependent on
the ETL thickness. At an ETL thickness of 30 nm, a higher
theoretical maximum outcoupling efficiency of 17.7% can be
predicted for device R2 (40 nm perovskite EML) in
comparison with device R1 (50 nm perovskite EML, 15.3%),
indicating that more generated photons from the perovskite
layer can be extracted from the device. Moreover, the
absorption loss in device R2 is predicted to be decreased,
consistent with the above description. Thus, under the total
internal reflection conditions, more trapped sky-blue photons
from the p−i−n heterojunction can be more easily extracted
out of the device through the thinner perovskite layer, which
makes it possible to achieve a higher outcoupling efficiency in
device W4.

Table 1. Summary of the Device Performance of
Perovskite/Organic Hybrid White LEDs

device Von (V) Lmax (cd m−2)
CEmax
(cd A−1)

EQEmax
(%)

CCT
(K)

CIE
(x, y)

W1 2.9 227 3.45 5.46 (0.558,
0.330)

W2 3.1 148 5.13 6.16 2348 (0.456,
0.362)

W3 4.0 48 3.99 2.96 3862 (0.388,
0.367)

W4 3.0 764 7.62 7.35 2868 (0.424,
0.363)

W5 2.9 1162 7.35 5.54 4038 (0.377,
0.370)
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The EL spectra of these devices exhibit tunable relative
intensities of blue and red emissions (Figure 3d−f),
corresponding to the change of CIE coordinates shown in
Figure S19. Meanwhile, a small blue-shifted red emission peak
was found for devices W4 and W5 in comparison with device
W2, coinciding with their single-color EL devices (Figure
S16a). The carrier injection was obviously enhanced (Figure
3b) due to the significantly enhanced hole transport ability
with the decreasing thickness of the perovskite layer (Figure
S15a). This further confirms that the perovskite layer
participates in the process of electroluminescence instead of
the excitation of the sky-blue emission p−i−n heterojunction,
and the red component from the PL emssion of the perovskite
layer makes little contribution to the white emission (Note S7
and Figure S20 in the Supporting Information). For device
W5, the peak EQE slightly decreases to 5.54% in spite of the
maximum brightness climbing to 1162 cd m−2. The higher trap
density and much increased nonradiative recombination in the
30 nm perovskite film may account for the decreased EQE. On
the basis of device W2, on solely decreasing the thickness of
the perovskite layer to fabricate devices W4 and W5, the

thinner perovskite film with higher hole mobility will introduce
more holes to be injected into the perovskite layer. However,
the injected electrons within the perovskite layer still remain
nearly unchanged at the same applied bias. In this case, more
uncaptured holes from the perovskite layer will be allowed to
pass through the TAPC layer and reach the organic p−i−n
heterojunction for more blue emission. Thus, the recombina-
tion zone further shifts to the direction of the p−i−n
heterojunction, as shown by the schematic descriptions in
Figure 3g−i.
A steady white emission and a long operating lifespan are

valuable for the practical application of illumination. Here, the
EL spectral stabilities and operating lifetimes of devices W2,
W4, and W5 are further investigated. Excitedly, these devices
exhibit excellent EL stability with nearly no shift in CIE
coordinates (Figure 4a,b) at different operating biases from 3.6
to 4.5 V, indicating that the position of the carrier
recombination region is nearly unaffected by the driving
voltages. This means that the hole transport controlled by the
perovskite layer and the electron transport dominated by the
tunneling effect of the TAPC layer increase simultaneously

Figure 3. (a) Cross-sectional SEM image of device W4. (b) J−V−L (inset: photograph of working device W4) and (c) EQE−J characteristics
of devices W2, W4, and W5. EL spectra of devices (d) W2, (e) W4, and (f) W5 at 4 V. Schematic descriptions for the working mechanisms of
devices (g) W2, (h) W4, and (i) W5.
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with increasing operating bias. Then, the operating stability of
these devices was measured in an N2-filled glovebox without
encapsulation. T55 served as a unified standard to evaluate the
operating lifetime of these white LEDs, which is defined by the
time when the device brightness decreases to 55% of its initial
brightness (L0). Here, L0 is set at around 100 cd m−2 and all
devices are tested under a constant driving current.
Interestingly, as shown in Figure 4c, in comparison to the
operating lifespan of device W2 (T55 ≈ 12 s, measured @ 3.8
mA cm−2), devices W4 (T55 ≈ 638 s, measured @ 2.4 mA
cm−2) and W5 (T55 ≈ 3600 s, measured @ 1.8 mA cm−2)
show substantially longer operating lifetimes. Furthermore, the
lifetimes of their monochromatic pure-red perovskite LED
(R1) and sky-blue p−i−n heterojunction organic LED (B2)
are also measured for comparison, with corresponding
operating lifespans of T55 ≈ 60 s (measured @ 4.6 mA
cm−2) and T55 ≈ 228 s (measured @ 0.8 mA cm−2),
respectively (Figure S21). When the operating stability was
tested at the same initial brightness, note that with a greater
contribution of the blue component to white emission, a lower
driving current density close to that of device B2 was required.
However, device W2 shows a poorer operating lifespan in
comparison with device R1 (without using the organic p−i−n
heterojunction) in spite of the lower current density applied.
As was noted above, the electrons injected into the perovskite
layer were controlled by the 5 nm TAPC layer. Considering

the lower hole mobility of the 50 nm perovskite layer, fewer
holes can pass through the TAPC layer to encounter with extra
excess electrons accumulated at the interface of the p−n
heterojunction. This will lead to extremely unbalanced carrier
recombination in the organic light-emitting unit, and it may be
the main cause for the worse operating stability in device W2.
Fortunately, significantly improved operating lifetimes are
realized for devices W4 and W5 (for device W4, 10-fold longer
than that for device R1, 2.7 times longer than that for device
B2). Meanwhile, the operating lifetimes of the perovskite-only
devices with 40 nm (device R2, T55 ≈ 66 s) and 30 nm (device
R3, T55 ≈ 80 s) perovskite films as emitting layers were also
measured for comparison (Figure S21), but no obvious
extension of the operating lifetime was found in devices R2
and R3 in comparison with device R1, indicating the much
enhanced lifetimes in devices W4 and W5 might not stem from
the increased stability of the perovskite layer. In a word, this
means that the extended device operating lifetime is
inseparable from the aging of the p−i−n heterojunction.
Thereby, in comparison with device W2, the following main
reasons might account for the considerably extended operating
lifetimes in devices W4 and W5. (i) The organic planar p−n
heterojunction tends to have a faster aging rate, in which a high
exciton concentration at the interface will aggravate triplet−
triplet annihilation (TTA) and triplet−polaron annihilation
(TPA) processes.35 However, for devices W4 and W5, more

Figure 4. (a) EL spectra and (b) corresponding CIE coordinates of devices W2, W4, and W5 at various driving voltages. (c) Operating
lifetimes of devices W2, W4, and W5 measured at an initial brightness of 100 cd m−2 (driven at current densities of 3.8, 2.4, and 1.8 mA
cm−2, respectively). (d) Transient EL decay curves of devices B2, W2, W4, and W5 measured at 485 nm and of W2, W4, and W5 measured at
650 nm.
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untrapped holes pass through the TAPC layer, facilitating a
balance of the carrier recombination in the p−n hetero-
junction, together with a broadened recombination zone and
partial electrons are transported to the perovskite layer via a
tunneling effect, resulting in reduced exciton concentration at
the interface of the p−n heterojunction and thus suppressed
TTA and TPA processes. (ii) The possibility of exciton
annihilation is highly related to the exciton lifetime of
phosphorescence. Thus, the exciton dynamics in devices B2,
W2, W4, and W5 were analyzed under electrical excitation via
transient EL decay kinetics (Figure 4d). In comparison with
device B2, devices W2, W4, and W5 exhibit relatively shorter
exciton lifetimes at 485 nm, indicating that the ET process
from the blue-emitting unit to the red perovskite layer is still
inevitable. However, for the red perovskite layer, this
sensitizing process can accelerate the exciton deactivation
dynamics and shorten the lifetime of the excited state for the
organic phosphorescent interlayer. It is necessary to emphasize
that this process does not play a dominant role in device
stability, for which device W2 with a decreased exciton lifetime
still exhibits poorer device stability. (iii) As shown in Figure
4d, the EL dynamics of devices W2, W4, and W5 measured at
650 nm exhibit a more obvious overshoot effect in comparison
to that detected at 485 nm, indicating a higher defect state
density in the perovskite layer (Note S8 and Figure S22 in the
Supporting Information). Thus, at the same initial luminance,
the operating lifetimes of devices W4 and W5 are measured to
have lower current density, leading to reduced nonradiative
recombination in the perovskite layer, together with more
trapped photons being extracted to decrease the local heat of
the perovskite layer and thus inhibiting rapid decomposition of
the perovskite. Consequently, the operating lifespan is
improved for perovskite/organic hybrid white LEDs. This
finding indicates that the presented device architectures show
great potential for prolonging the lifespan of perovskite/
organic hybrid white LEDs. As shown in Figure S23, with
increasing working time, the normalized EL spectra of devices
W2, W4, and W5 have stronger blue emission intensity,
indicating that the aging of the perovskite/organic hybrid
white LEDs still mainly comes from the decomposition of the
perovskite. Thus, one should focus on an improvement in the
stability of perovskite materials to further improve the
operating stability of the perovskite/organic hybrid white
LEDs.
In summary, we have successfully demonstrated a simple

and convenient path to develop perovskite/organic hybrid
white LEDs by combining a successively stacked pure-red
perovskite and sky-blue organic p−i−n heterojunction as
emissive layers. By a rational adjustment of the thickness of the
p-HTL and perovskite layers to manage hole and electron
transport properties in the device, the carrier recombination
region can be effectively modulated, enabling a highly tunable
white emission from pure-red perovskite and sky-blue organic
phosphorescent emitters. Thanks to the suppressed ET process
and higher exciton utilization in the presented device structure,
a peak EQE of 7.35% and brightness of 746 cd m−2 were
achieved for the developed perovskite/organic hybrid white
LEDs, with CIE coordinates of (0.424, 0.363) and a CCT
value of 2868 K, which represents the state-of-the-art device
performance in perovskite/organic hybrid white LEDs to date.
Notably, these devices also exhibit stable EL spectra under
various driving voltages and a greatly enhanced operating
lifespan, which is especially important for their practical

application in solid-state lighting. We believe the presented
device architecture will provide a workable idea for device
design and pave the way for the development of high-
performance perovskite/organic hybrid white LEDs.

■ EXPERIMENTAL SECTION
Materials. Cesium iodide (CsI, 99.5%), methylamine

iodide (MAI, 99.5%), lead iodide (PbI2, 99.5%), and
phenethylamine iodide (PEAI, 99.5%) were purchased from
Xi’an p-OLED Corp. Zinc iodide (ZnI2, 99.995%) was
purchased from 3A Chemical Co., Ltd. Poly(sodium 4-
styrenesulfonate) (PSS-Na, average Mw ≈ 70000), dimethyl-
formamide (DMF, 99.8%), and dimethyl sulfoxide (DMSO,
99.7%) were purchased from Sigma-Aldrich (Shanghai)
Trading Co., Ltd. PEDOT:PSS (Al 4083), TAPC, TPBI, and
FIrpic were purchased from Luminescence Technology Corp.
Aside from BOCzPh, which was synthesized by our group and
further purified via vacuum sublimation (Supporting Informa-
tion), the other materials were used as received without any
further purification.

Preparation of Quasi-2D Perovskite Films. CsI was
dissolved in DMSO (0.6 M), MAI, PbI2, ZnI2, and PEAI were
dissolved in DMF (0.6 M), and they were stirred at 50 °C for
1 2 h i n a n i t r o g e n - fi l l e d g l o v e b o x . T h e
(PEA)2(Cs0.3MA0.7)2(Pb0.7Zn0.3)3I10 precursor solution was
prepared by mixing CsI, MAI, PbI2, ZnI2, and PEAI in an
appropriate molar ratio, and then the molar concentration of
Pb2+ plus Zn2+ was adjusted to be 0.13 M. After 12 h, the 50
nm perovskite film was fabricated by spin-coating the prepared
precursor solution at 4000 rpm for 40 s with the assistance of
100 μL of an antisolvent (chlorobenzene, 8 s). Perovskite films
with thicknesses of 40 and 30 nm were prepared by diluting
the molar concentrations of the perovskite precursor solution
(Zn2+ + Pb2+) to 0.10 and 0.07 M, respectively. The chemical
formula and film formation method are consistent with the
above description. m-PEDOT:PSS was prepared by mixing
PEDOT:PSS (Al 4083) with PSS-Na (200 mg mL−1, dissolved
in deionized water) at a volume ratio of 6:1.

Characterizations of Perovskite and Organic Sam-
ples. The top- and cross-sectional SEM images were obtained
with a JEOL JSM-7500F system. The surface morphology
images of perovskite films were obtained with an atomic force
microscope (AFM) (Benyuan Corporation, BY3000). X-ray
diffraction (XRD) spectra were obtained with a multipurpose
Germen Bruker D8 advance XRD system (Cu Kα, λ = 1.5406
Å). PL spectra and UV−vis absorption spectra were measured
by employing a Jobin−Yvon spectrofluorometer and a HP
8453 spectrophotometer, respectively. Transient PL decays
were measured with an Edinburgh FL980 fluorescence
spectrophotometer, equipped with an excitation light source
(371.6 nm picosecond diode laser). The PLQYs of the
perovskite films were recorded by a commercialized PLQY
measurement system from Ocean Optics with excitation from a
365 nm LED. The ionization potential (IP) values of these
perovskite films were measured by atmospheric ultraviolet
photoelectron spectroscopy (Rikken Keiki AC-3). The
current−voltage characteristics of the hole-only and electron-
only devices were measured with a Keithley 2450 instrument
controlled by Photo Research a PR745 system in a dark
environment.

Device Fabrication and Characterization. With device
W2 as an example, a perovskite/organic hybrid white LED was
prepared with an architecture of ITO/m-PEDOT:PSS (30
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nm)/perovskite (50 nm)/TAPC (5 nm)/FIrpic (1 nm)/
BOCzPh (20 nm)/TPBI (30 nm)/CsF (1.2 nm)/Al (120
nm). m-PEDOT:PSS was spin-coated onto indium tin oxide
(ITO, 95 nm) at 9000 rpm for 60 s and then backed at 160 °C
for 15 min. After cooling, the perovskite films were prepared by
spin-coating at 4000 rpm for 40 s with the assistance of 100
mL of chlorobenzene as an antisolvent (8 s) and then
transferred to an evaporation chamber. After the vacuum was
below 3 × 10−4 pa, TAPC, FIrpic, BOCzPh, TPBI, and the
cathode (i.e., CsF and Al) were deposited layer by layer by
thermal evaporation with a shadow mask to define an active
area of 10 mm2; the thicknesses of various evaporated
functional layers were monitored by a quartz crystal thickness
monitor (SQC-310, Inficon). All preparation processes were
carried out inside an N2-filled glovebox (oxygen, moisture <1
ppm). The optical parameters of n (refractive index) and k
(extinction coefficient) for different films were measured using
a dual rotating-compensator Mueller matrix ellipsometer (ME-
L ellipsometer, Wuhan Eoptics Technology, China). The EL
spectra, J−V−L curves, EQE values, and operating lifespans of
devices were collected by using the well-established system
XPQY-eq E-350-1100 (Guangzhou Xi Pu Optoelectronics
Technology Co., Ltd.), equipped with an integrating sphere
(GPS-4P-SL, Labsphere) and a photodetector array (S7031-
1006, Hamamatsu Photonics). The transient EL dynamics
were measured with a digital oscilloscope (Tektronix,
AFG3152C) to provide rectangular pulse voltages (repetition
rate 20 kHz, width 10 μs) to drive the devices, and detected by
an Edinburgh FL980 fluorescence spectrophotometer. Aside
from the transient EL dynamics of devices that were measured
in air (encapsulated with a UV-cured epoxy resin), the other
characterizations of devices were carried out in an N2-filled
glovebox without encapsulation.
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