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Perovskite quantum dot light-emitting diodes (PeQLEDs) have emerged as a promising candidate for

high-quality lightings and displays, where an electron transporting layer (ETL) is required to achieve

balanced charge transport and thus high performance. However, the ETL is often thermally-deposited

under vacuum, since the low-cost solution process would damage the underlying perovskite quantum

dots (PeQDs). Here, we demonstrate efficient all-solution-processed PeQLEDs based on arylphosphine

oxide (SPPO13) and phosphonate (TPPO) as the ETL. Benefitting from the coordination between PvO

and exposed Pb atoms, in situ interfacial passivation occurs during the solution deposition of SPPO13 or

TPPO on PeQDs. As a result, bilayer films (PeQDs/ETL) exhibit improved photoluminescence quantum

yields and prolonged lifetimes compared with single layer PeQDs. Correspondingly, all-solution-

processed PeQLEDs are fabricated successfully via an orthogonal solvent strategy, revealing bright green

emission with a promising current efficiency of 24.1 cd A−1 (12.1 lm W−1, 6.47%) and CIE coordinates of

(0.12, 0.79).

Introduction

Perovskite quantum dots (PeQDs), as a candidate for next-
generation lightings and displays,1–3 have attracted intense
attention due to their low-cost solution processability and
excellent optical properties, such as high photoluminescence
quantum yields (PLQYs), narrowband emissions and tunable
wavelengths.4–7 Since the first report of perovskite quantum
dot light-emitting diodes (PeQLEDs) in 2015,8 the efficiency
has achieved a rapid rise.9–15 Despite this, they still rely on the
high-cost vacuum-deposited electron transporting layer (ETL)
to obtain excellent device performance, which is not suitable
for large-area and low-cost manufacturing in industrial mass
production. The all-solution-processed PeQLEDs are a good
pathway to solve this issue, because they could be fabricated

through large-area and low-cost printing methods (inkjet or
roll-to-roll printing). However, the solution construction of the
PeQDs/ETL multilayer structure still remains a big challenge,
since the deposition solvent of the ETL could redissolve the
underlying PeQD layer.

To address such a problem, two main strategies have been
developed including cross-linkable PeQD layer and orthogonal
solvent processing. In the case of the former, the PeQD light-
emitting layer is cross-linked to achieve excellent resistance to
the processing solvent of the ETL. For example, Li et al. devel-
oped a trimethylaluminum vapor-based cross-linking method
with an atomic layer deposition system to fix the PeQD film in
place.16 Wei et al. demonstrated an in situ light-initiated ligand
cross-linking method to create a cross-linked PeQD film by
incorporating conjugated linoleic acid as the ligand of
PeQDs.17 On the other hand, a simple orthogonal solvent pro-
cessing strategy is applicable, where the PeQDs and ETL are
produced in an alternative sequence of non-polar and polar
solvents. As a result of the ionic nature of perovskite and the
nonpolar property of surface ligands,18 PeQDs are very easy to
be redissolved or destroyed during the solution process. So a
clever choice of ETL deposition solvents is required, such as
esters, hydrofluoroethers19 and chlorobenzene. For instance,
Li et al. developed all-solution-processed PeQLEDs by using
methyl acetate as the ETL solvent.20 The resultant devices
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exhibit a bright luminance with a maximum current efficiency
of 3.26 cd A−1. Despite the success, we note that the used polar
solvent may induce additional defects on the surface of the
PeQD film. From this point of view, it is highly desirable to
passivate the emerging defects at the interface between PeQDs
and the ETL during the solution deposition of the ETL.

With this idea in mind, we demonstrate efficient all-solu-
tion-processed PeQLEDs based on arylphosphine oxide-con-
tained SPPO13 and phosphonate-contained TPPO as the ETL.
As depicted in Fig. 1, both SPPO13 and TPPO are readily
soluble in the polar solvent of methyl acetate, ensuring the
successful fabrication of multilayer PeQLEDs via orthogonal
solvent processing. Most importantly, the involved PvO group
can coordinate with the exposed Pb atoms, leading to in situ
passivation for the generated defects at the interface between
PeQDs and the ETL. As a result, the PLQY of the bilayer
PeQDs/ETL was found to be improved significantly
(47.1–70.5%) compared with the single PeQD layer (22.7% and
33.4% for films with and without methyl acetate spin-rinsing).
The corresponding devices are optimized to give a record-high

current efficiency of 24.1 cd A−1 (12.1 lm W−1, 6.47%), which is
among the highest ever reported for all-solution-processed
PeQLEDs.

Results and discussion
Solvent resistance of the PeQD film

Green-emitting Cs0.70FA0.30PbBr3 PeQDs were synthesized
through a room temperature method as previously
reported,21,22 and then redispersed in anhydrous toluene prior
to use (Fig. S1†). First, the solvent resistance of the PeQD film
was investigated in order to choose a suitable processing
solvent for the upper ETL (Table S1†). UV-Vis absorption
spectra were recorded to monitor the thickness variation
before and after spin-rinsing with different solvents (Fig. S2†).
Except for chlorobenzene and methanol, the PeQD film could
well resist most of the solvents with a remaining thickness of
above 90% after spin-rinsing (Fig. 2a). Second, the dependence
of the PL intensity on different solvents was further exploited

Fig. 1 All-solution-processed PeQLEDs based on SPPO13 and TPPO as the ETL: (a) device configuration and processing method for each layer; (b)
schematic diagram of in situ passivation at the interface between the PeQDs and the ETL; (c) molecular structures of the used ETLs.

Fig. 2 Solvent resistance of the PeQD film: (a) the remaining thickness after spin-rinsing with different solvents; (b) comparison of the PL intensity
with and without spin-ringing.
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to illustrate the quenching effect of the luminescent PeQD
film (Fig. 2b). As for chlorobenzene and methanol, the
decrease of PL intensity could be mainly ascribed to the fact
that they both ruin the PeQD film with a remaining thickness
of 72% and 2%, respectively. The strong polar solvents includ-
ing cyclohexanone, ethanol and isobutanol are able to disinte-
grate the perovskite ionic crystal structures, and completely
quench the PeQD luminance. This is further verified by the
discontinuous and particle-agglomerating morphology
observed in their atomic force microscopy (AFM) images
(Fig. S3†). By contrast, weak polar solvents including o-chloro-
benzene, methyl benzoate and methyl acetate are found to
partly reduce the luminance of the PeQD film and cause slight
agglomeration with increased surface. These phenomena
could be explained by that PeQDs on the surface were re-dis-
persed in weak polar solvents because of their amphiphilic
nature and then re-aggregated to form large aggregations. In
this process, the unwanted defects newly appear and result in
decreased luminescence properties. Given the large remaining
thickness of 97% and the highest PL intensity after spin-
rinsing, methyl acetate was finally selected as the processing
solvent of the upper ETL.

In situ interfacial passivation

In the case of all-solution-processed PeQLEDs, some defects
inevitably occur on the underlying PeQD layer during the depo-
sition of the ETL from its polar solution. To compensate for
the luminance loss, the formed defects are better passivated
in situ at the interface between the PeQDs and the ETL. That
is, the upper ETL is required to have good defect passivation
capability in itself. Therefore, SPPO13 containing arylpho-
sphine oxide and TPPO containing phosphonate areselected as

the ETL, because the lone pair electrons of PvO could act as a
lewis base to coordinate with the redundant lead ions on the
PeQD surface. Moreover, the polar nature of PvO makes
SPPO13 and TPPO soluble in methyl acetate, ensuring the suc-
cessful fabrication of multi-layer PeQLEDs via orthogonal
solvent processing.

To demonstrate their in situ interfacial passivation, the
photophysical characteristics of the bilayer films (PeQDs/
SPPO13 and PeQDs/TPPO) are explored in comparison to the
single layer (PeQDs) with and without methyl acetate spin-
rinsing. As one can see in Fig. 3, the methyl acetate spin-
rinsing is found to decrease the PL intensity with a decrease in
PLQY from 33.3% to 22.7% due to the generation of new
defects. Fortunately, when a solution of SPPO13 or TPPO in
methyl acetate is spin-coated onto PeQDs, the bilayer film
shows a distinct luminance enhancement under a UV lamp,
accompanied by significantly improved PLQYs of 70.5% and
47.1%, respectively. Furthermore, transient photoluminance
(PL) spectra, detected at the PeQD emission peak of 517 nm, were
also performed to investigate the change in the exciton decay
process. Compared with the initial one, the average PL decay life-
time is down from 5.64 ns to 2.55 ns for the spin-rinsed PeQD
film, indicative of defect induced non-radiation. Nevertheless, the
lifetime is obviously increased to 8.76 ns and 7.16 ns, respectively,
when spin-coated by SPPO13 and TPPO in their methyl acetate
solutions. In good agreement with the PL variation, the lifetime
difference means that the interfacial defects between the PeQDs
and the ETL can be passivated by SPPO13 and TPPO in situ, thus
leading to suppressed non-radiation.

X-ray photoelectron spectroscopy (XPS) and Fourier trans-
form infrared (FTIR) spectra were further recorded to verify the
interaction between PeQDs and SPPO13 or TPPO (Fig. 4).

Fig. 3 In situ interfacial passivation: (a–d) photographs under the UV lamp for the pristine PeQD film, the PeQD film spin-rinsed with methyl
acetate, and the PeQD films coated with SPPO13 and TPPO from left to right; (e) steady-state PL spectra; (f ) transient PL spectra.
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Compared with the initial and spin-rinsed PeQDs, the Pb 4f
peaks of the PeQDs/SPPO13 and PeQDs/TPPO films shift
towards a higher binding energy (BE). At the same time, their
P 2p peaks also move towards a higher BE with respect to pure
SPPO13 and TPPO films (Fig. S4†). The observed similar trend
confirms the coordination between the PvO group and the Pb
atom. In the FTIR spectra of the SPPO13 or TPPO modified
films, the characteristic peaks at 1197 cm−1 for SPPO13 and
1247 cm−1 for TPPO newly appear and are found to be down-
shifted slightly, an indicator of the interaction between PeQDs
and SPPO13 or TPPO. As mentioned above, the solution depo-
sition of the ETL onto the PeQD layer is anticipated to cause
exposed Pb atoms as the main defects because of the desorp-
tion of surface ligands to some degree. Meanwhile, benefitting
from the coordination between PvO and Pb, the generated
defects at the interface between the PeQDs and the ETL can be
effectively passivated in situ so as to recover or even improve
the photophysical properties of PeQDs (Table 1).

All-solution-processed PeQLEDs

In view of in situ passivation, SPPO13 may act as a potential
ETL for all-solution-processed PeQLEDs. To evaluate this, mul-

tilayer devices were assembled with a configuration of ITO/
PEDOT:PSS (40 nm)/X-IFTPA (20 nm)/PeQDs (40 nm)/ETL
(40 nm)/Al (100 nm) (Fig. 1 and S6†). Here the hole injection
layer of PEDOT:PSS, the cross-linkable hole transporting layer
of X-IFTPA, the emitting layer of PeQDs and the ETL of
SPPO13 were solution-deposited in sequence from water,
chlorobenzene, toluene and methyl acetate, respectively. As
plotted in Fig. 5a, the electroluminescence (EL) spectra show
strong green emission from PeQDs, which peaked at 520 nm
together with a full width at half maximum (FWHM) of 19 nm
and Commission Internationale de l’Eclairage (CIE) coordi-
nates of (0.12, 0.79). An acceptable current efficiency of 9.02 cd
A−1 (4.69 lm W−1, 2.41%) and a maximum luminance of
7201.7 cd m−2 are achieved when SPPO13 is used as the ETL
(Fig. S7† and Table 2).

Although the solution-processed SPPO13 layer works well to
transport electrons, there still exists a large electron injection
barrier induced by the unmatched lowest unoccupied mole-
cular orbital (LUMO) energy level of SPPO13 (−2.65 eV) relative
to the work function of the Al cathode (4.28 eV). To solve this
problem, two routes are tried: one is to adopt a mixed ETL of
SPPO13 : TPPO by incorporating TPPO with good electron
injection capability into SPPO13, and the other is to introduce
an extra Liq electron injection layer on SPPO13. As a result of
improved electron injection, the turn-on voltage is reduced
from 4.4 V to 4.2 V and 4.0 V for SPPO13 : TPPO and SPPO13/
Liq devices, respectively, whereas the CIE coordinates remain
almost unchanged. Correspondingly, the maximum current
efficiency is optimized to be 13.6 cd A−1 (6.88 lm W−1, 3.63%)
and 24.1 cd A−1 (12.1 lm W−1, 6.47%), and the luminance goes
up to 12 125.6 cd m−2 and 12 058.6 cd m−2 (Fig. 5b and S7†).
To our knowledge, the obtained performance is the best ever
reported for all-solution-processed PeQLEDs (Fig. S8 and
Table S2†).16,17,19,20,23–26 The optimized device exhibits a
limited operating lifetime (Fig. S9†), which could be ascribed
to the ubiquitous ionic migration under an electric field for
perovskite materials.

To investigate the electron injection behavior, electron-only
devices (EODs) are prepared and the current density–voltage
( J–V) curves are shown in Fig. 5c. Following a sequence of
SPPO13, SPPO13 : TPPO and SPPO13/Liq, it is found that the

Fig. 4 Coordination between PvO and exposed Pb atoms: (a) Pb 4f core XPS spectra; (b) magnified FTIR spectra ranged from 1140 to 1300 cm−1.

Table 1 The summary of the photophysical parameters of the PeQD
film

Filma
λem
(nm)

PLQY
(%)

τave
b

(ns)
Kr

c

(10−2 ns−1)
Knr

c

(10−2 ns−1)

QDs 517 33.4 5.64 5.92 11.8
QDs spin-rinsed by
methyl acetate

517 22.7 2.55 8.90 30.3

QDs/SPPO13 517 70.5 8.76 8.05 3.37
QDs/TPPO 517 47.1 7.16 6.58 7.38

aMeasured by using an integrating sphere and excited at 400 nm.
b The lifetimes were determined by the triple exponential fit of PL
decay curves. c τave, kr and knr were calculated based on the following

formulas: τave ¼
P3

i¼1
aiτi2

P3

i¼1
aiτi

¼ 1
kr þ knr

, kr ¼ PLQY
τave

, and knr ¼ 1
τave

� kr

(ai and τi are the normalized coefficients and time constants,
respectively).
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electron current is gradually increased, indicating the
improved electron injection. Meanwhile, impedance spec-
troscopy is also measured to study the carrier transport
balance (Fig. 5d), and a simple resistance-capacitance (RC)
circuit is used to model the EL process in PeQLEDs. The
recombination resistance was calculated to be 1.67, 1.25 and
0.21 kΩ for SPPO13, SPPO13 : TPPO and SPPO13/Liq devices,
respectively. The tendency is understandable when consider-
ing the enhanced electron injection can balance the carrier
transport and then suppress the excess hole accumulation in
PeQLEDs. In other words, the more balanced carrier transport
in the SPPO13/Liq device is within our expectation to enhance
the hole–electron recombination possibility, which accounts
for the much better device performance.

Conclusions

In summary, high-performance all-solution-processed
PeQLEDs have been demonstrated based on arylphosphine
oxide-contained SPPO13 and phosphonate-contained TPPO as

the ETL. The polar nature of PvO makes SPPO13 and TPPO
readily soluble in methyl acetate, in which the PeQD film has
perfect resistance. Through the coordination between the
PvO group and exposed Pb atoms, most importantly, the
defects generated by methyl acetate at the PeQDs/ETL interface
could be effectively passivated in situ during the deposition of
the ETL. Consequently, all-solution-processed PeQLEDs are
assembled successfully, revealing a promising current
efficiency of 24.1 cd A−1 (12.1 lm W−1, 6.47%) after optimiz-
ation. The results highlight the great potential of orthogonal
solvents in the fabrication of efficient all-solution-processed
PeQLEDs.

Experimental
Materisls

Cesium carbonate (Cs2CO3, 99.9%), formamidine acetate (FA
(Ac), 99%), lead bromide (PbBr2, 99.999%), zinc bromide
(ZnBr2, 99.999%), didodecyldimethylammonium bromide
(DDAB, 98%), octanoic acid (OTA, 99%) and tetraoctylammo-

Fig. 5 Device performance with varied ETLs: (a) EL spectra at 100 cd m−2 (inset: photograph of the working device based on SPPO13/Liq); (b)
current efficiency and external quantum efficiency (EQE) as a function of luminance; (c) current–voltage curves for electron-only devices; (d) impe-
dance spectra (inset: the equivalent circuit model).

Table 2 Summary of the device performance of the PeQLEDs

ETL Von
a (V) Lb (cd m−2) CEb (cd A−1) PEb (lm W−1) EQEb (%) CIE (x, y)

SPPO13 4.4 7201.65 9.02 4.69 2.41 (0.12, 0.79)
SPPO13 : TPPO 4.2 12 125.6 13.6 6.88 3.63 (0.12, 0.79)
SPPO13/Liq 4.0 12 058.6 24.1 12.1 6.47 (0.12, 0.79)

a Turn-on voltage at 1 cd m−2. bMaximum data. L: luminance; CE: current efficiency; PE: power efficiency; EQE: external quantum efficiency; and
CIE: Commission Internationale de l’Eclairage.
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nium bromide (TOAB, 98%), ethyl acetate (EtOAc, 99.8%),
methyl acetate (MeOAc, 99.5%), methol (99.8%), ethanol
(99.8%), isobutanol (99%), methyl benzoate (99%), cyclohexa-
none (99.8%) and o-dichlorobenzene (99%) were purchased
from Sigma-Aldrich. Toluene and chlorobenzene were pur-
chased from Beijing Chemical Plant. Poly(3,4-ethylenedioxy-
thiophene)-poly(styrenesulfonate) (PEDOT:PSS, 8000) was pur-
chased from Heraeus Precious Metals GmbH & Co. KG. 2,7-Bis
(diphenylphosphoryl)-9,9′-spirobifluorene (SPPO13, 99%) and
8-hydroxyquinolinolato-lithium (Liq, 99.5%) were purchased
from Luminescence Technology Corp. Except for toluene and
chlorobenzene that were distilled before use, other materials
and solvents were used as received. X-IFTPA and TPPO were
synthesized in our laboratory according to the literature
methods.27,28

Synthesis of Cs0.70FA0.30PbBr3 QDs

Cs0.70FA0.30PbBr3 QDs were synthesized by the method pre-
viously reported.21,22 Firstly, a cesium precursor was prepared
by adding 0.2 mmol Cs2CO3 (0.0652 g) into 2 ml of OTA
(0.1 mM) and a formamidine precursor was prepared by
adding 0.2 mmol FA(Ac) (0.0208 g) into 1 ml of OTA (0.2 mM).
The PbBr2 precursor was prepared by adding 1 mmol PbBr2
(0.3670 g) and 2 mmol TOAB (1.0936 g) into 10 ml of toluene
(0.1 mM). The ZnBr2 precursor was dissolved in 0.2 mmol
ZnBr2 (0.0450 g) and 0.4 mmol TOAB was dissolved in 2 ml of
toluene. All the precursors were stirred at room-temperature
until a clear and completely dissolved solution was formed. A
mixture of 0.7 ml of Cs precursor and 0.3 ml of FA precursor
was prepared before the synthesis of QDs. Then, 1 ml of
Cs : FA mixture was swiftly added into 9 ml of PbBr2 precursor
solution. The reaction was stirred for 2 min at room-tempera-
ture. Subsequently, 3 ml of DDAB (in toluene with a concen-
tration of 10 mg ml−1) was added. After 3 min, 450 μl of the
ZnBr2–toluene solution was added to the QD solution for pas-
sivating the QDs. After stirring for 5 min, ethyl acetate was
added to the crude solution with a volume ratio of 2 : 1, and
then the precipitate was collected and dispersed in toluene
after centrifugation at 10 000 rpm for 5 min. The same
washing process with ethyl acetate was repeated twice again
and the precipitate was collected and re-dispersed in toluene
at a concentration of 30 mg ml−1 for future use.

Measurements and characterization

The UV-Vis absorption spectra of all Cs0.70FA0.30PbBr3 QDs
solution and films were recorded using a Perkin-Elmer
Lambda 35 UV-Vis spectrometer. The thickness variation of
QD films before and after spin-rinsing with solvents was calcu-
lated according to a change in the peak intensity at 300 nm for
the UV-Vis absorption spectra. PL spectra and PLQYs were
recorded using a HORIBA FL3C-111 spectrometer with an inte-
grating sphere system. Transient PL spectra were recorded on
an Edinburgh fluorescence spectrometer (FLS-980).
Transmission electron microscopy (TEM) was carried out with
an FEI Tecnai G2 F20. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo ESCALAB 250

photoelectron spectrometer. Fourier transform infrared (FTIR)
spectroscopy was performed using a VERTEX 70 FTIR spectro-
meter. A Dimension Icon AFM tool was utilized to measure the
morphologies of the PeQD films.

Device preparation and characterization

All-solution-processed PeQLEDs based on the
Cs0.70FA0.30PbBr3 QDs were prepared with a structure of ITO/
PEDOT:PSS (40 nm)/X-IFTPA (20 nm)/Cs0.70FA0.30PbBr3 QDs
(40 nm)/SPPO13 (or SPPO13 : TPPO, or SPPO13/Liq (1 nm))
(40 nm)/Al (100 nm). Dispersion of PEDOT:PSS in water was
spin-coated onto cleaned and ultraviolet-ozone (UVO) treated
ITO substrates. After being baked at 120 °C for 30 min in air,
the hole transporting layer of X-IFTPA was spin-coated onto
PEDOT:PSS from its chlorobenzene solution at a concentration
of 4 mg ml−1, and then annealed at 180 °C for 0.5 h. The
PeQDs were spin-coated onto X-IFTPA at 1500 rpm for 60 s and
annealed at 80 °C for 30 min in a glovebox. Subsequently, the
electron transporting material of SPPO13 or mixed
SPPO13 : TPPO (8 : 2) was spin-coated onto the emitting layer
(EML) from its methyl acetate solution at a concentration of
3.5 mg ml−1, and then annealed at 70 °C for 15 min under
nitrogen to form an ETL. For the ETL of SPPO13/Liq, an extra
interlayer of Liq (1 nm) was deposited using thermal evapor-
ation. Finally, Al (100 nm) was deposited using thermal evapor-
ation at a pressure under 4 × 10−4 Pa. The active area of the
device was 14 mm2. The electron-only devices with a structure
of Al/Cs0.70FA0.30PbBr3 QDs (40 nm)/SPPO13 (or
SPPO13 : TPPO, or SPPO13/Liq (1 nm)) (40 nm)/Al (100 nm)
were prepared following the same process as that mentioned
above. The current density–voltage–luminance ( J–V–L) charac-
teristics were measured using a Keithley source measurement
unit (calibrated silicon photodiode, Keithley 2400 and Keithley
2000), and the EL spectra were recorded using a CS2000A
spectrometer. All the measurements were carried out at room
temperature in air. The EQE was calculated from the lumi-
nance, current density and EL spectra assuming a Lambertian
distribution. Impedance spectroscopy measurements were
carried out using a PARSTAT 3000A potentiostat in the 1 MHz–
1 Hz frequency range with an applied voltage of 6.0 V and an
AC signal of 100 mV.
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