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ABSTRACT: Recently, a pressing requirement of solid-
state lighting sources with high performance and low cost
has motivated increasing research in metal halide perov-
skites. However, the relatively low emission efficiency and
poor operation stability of perovskite light-emitting diodes
(LEDs) are still critical drawbacks. In this study, a strategy
of solution-processed all-inorganic heterostructure was
proposed to overcome the emission efficiency and
operation stability issues facing the challenges of perovskite
LEDs. Solution-processed n-ZnO nanoparticles and p-NiO
are used as the carrier injectors to fabricate all-inorganic
heterostructured CsPbBr; quantum dot LEDs, and a high-
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efficiency green emission is achieved with maximum luminance of 6093.2 cd/m?, external quantum efficiency of 3.79%, and
current efficiency of 7.96 cd/A. More importantly, the studied perovskite LEDs possess a good operation stability after a
long test time in air ambient. Typically, the devices can endure a high humidity (75%, 12 h) and a high working
temperature (393 K, three heating/cooling cycles) even without encapsulation, and the operation stability is better than
any previous reports. It is anticipated that this work will provide an effective strategy for the fabrication of high-
performance perovskite LEDs with good stability under ambient and harsh conditions, making practical applications of

such LEDs a real possibility.
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ecently, newly emerging perovskite light-emitting
Rdiodes (LEDs) have attracted worldwide attention

due to their ipplication potentials in low-cost lighting
and display fields.'™ This benefits from the good optical
properties of perovskite materials, such as high photo-
luminescence (PL) emission efficiency, tunable emission
region, narrow emission line width, and ambipolar carrier
transport. Since the demonstration of perovskite LEDs by
Friend’s group in 2014, the external quantum efficiency (EQE)
of this kind of LED has achieved a rapid rise, and the highest
EQE ever reported has reached 9.3%.° Despite the rapid rise in
EQE, the current perovskite LEDs are subjected to an
unsatisfactory stability operable in ambient or harsh conditions
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(eg, high-humidity or high-temperature environments). It is
mainly because the mostly studied hybrid halide perovskites
(CH;NH;PbX;, MAPbX,) are characterized by a poor stability
against environment oxygen/moisture and heat. More recently,
some studies have confirmed that the inorganic cesium lead
halide (CsPbX;) system possesses a relatively higher thermal
stability (~500 °C) compared to that of MAPbX;,” but the
instability of perovskite LEDs remains unresolved effectively
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Figure 1. (a) Low- and high-resolution TEM images of the CsPbBr; QDs. (b) Histogram for the diameter statistics of the CsPbBr; QDs. (c)
XRD spectra of the CsPbBr; QDs at different storage time in air. (d) Absorption and PL spectrum of the CsPbBr; QDs. The insets show the
photographs of the as-obtained CsPbBr; QDs under ambient conditions and the UV lamp (365 nm) irradiation, respectively. (e) PL QY
evolution of the CsPbBr; and MAPbBr; QDs measured at different storage time in air. The inset shows the corresponding PL spectra of the
CsPbBr; and MAPbBr; QDs after different storage periods at the same measurement conditions. (f) Time-resolved PL decay and fitting curve

of the CsPbBr; QDs.

yet. In general, a standard perovskite LED structure includes an
intrinsic perovskite emissive layer, a n-type electron-providing
layer, and a p-type hole-providing layer. In addition to the
crucial perovskite active layer, the n-/p-type carrier-providing
layers are also important objects, not only for a well-balanced
charge transport but also to achieve a high device stability.
Although various organic small molecules and conducting
polymers have been previously used as carrier-providing layers
in perovskite LEDs,">>*™" recent studies have shown that
inorganic carrier injectors (e.g, ZnO and NiO) may be a better
choice. On the one hand, the inorganic carrier injectors can be
synthesized by simple solution methods. On the other hand,
such inorganic oxides are more stable against environment
moisture/oxygen and heat, and thus the device could survive
for a long running time even at harsh environments.'*™'¢ Also,
their tunable band gaps could form a desirable band alignment
with perovskite active layer, supporting the carrier injection and
confinement processes. More importantly, these metal oxide
materials could serve as a diffusion barrier against moisture/
oxygen to protect the sandwiched perovskite emitter because of
their desirable scavenging effect.'” In reality, there are some
reports that used ZnO and NiO as the carrier injectors for
quantum dot (QDs) LED fabrication, such as CdSe/ZnS QDs
and silicon QDs.'"”*' The proposed all-inorganic device
structure has taken better place in low-cost processing and
long-term stability of the QD LEDs and has been approved to
be effective for high-efficiency and air-stable device fabrica-
tion.”! Therefore, solution-processed metal oxide carrier
injectors are of particular interest in perovskite LED fabrication
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due to the simplicity and scalability to large-size substrates.
However, no report on combining the concepts of a solution-
processed approach and all-inorganic heterostructure into the
fabrication of perovskite LEDs can be found to the best of our
knowledge. To be used more widely in practical light sources
and displays, development of solution-processed all-inorganic
heterostructures for future applications of perovskite LEDs is
highly desired.

In this study, we designed and fabricated an all-inorganic
heterostructured CsPbBr; QD perovskite LED, in which
solution-processed n-ZnO nanoparticles (NPs) and p-NiO
were used as the carrier injectors, without any less-stable or
labile organic components. The best-performing device can
achieve a high luminance of 6093.2 cd/m? an EQE of 3.79%, a
current efficiency of 7.96 cd/A, and a power efficiency of 4.26
Im/W. More importantly, the all-inorganic heterostructured
perovskite LEDs possess a good operation stability in ambient
conditions (20 °C, 30—40% humidity) over the aging test and
can endure a high humidity (75%, 12 h) and a high working
temperature (393 K, three heating/cooling cycles) even
without encapsulation. Our results obtained here may push
forward the development of high-efficiency and stable perov-
skite LED compatibility for practical applications under harsh
conditions.

RESULTS AND DISCUSSION

Figure la presents the transmission electron microscopy
(TEM) images of the synthesized CsPbBr; QDs, and a
spherical shape with an average size of ~4.5 nm can be
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Figure 2. (a) Temperature-dependent PL spectra of the CsPbBr; QDs at the temperature range of 10—300 K. (b) Dependence of the photon
energy of the CsPbBr; QDs on measured temperature. (c) Integrated PL intensity of CsPbBry; QDs versus inverse temperature and the
Arrhenius fit (solid line). Thermal cycling measurements showing the thermal stability of the CsPbBr; QDs: (d) cycle 1; (e) cycle 2; (f) cycle
3. (g) PL decays of the CsPbBr; QDs at different temperature, and the inset shows the changing trend of the 7.

observed (Figure 1b). Note that the spherical CsPbBry QDs in
our case are different from previous studies, which may be
caused by the different capping agents. Their diameters can be
tuned in a range of 3.7—5.0 nm, corresponding to an emission
range of 493—516 nm (Figure S1, Supporting Information).
From the high-resolution TEM image shown in Figure la, an
interplanar distance of 2.96 A can be identified, corresponding
to the (200) crystal planes of cubic perovskite CsPbBr;. The
energy-dispersive X-ray spectroscopy (EDS) spectrum of the
spherical CsPbBr; QDs is shown in Figure S2 (Supporting
Information), and the incorporated Cs, Pb, and Br elements
have an atom ratio of 1.00:1.05:3.19, confirming the presence
of a Brrich surface, in good agreement with other studies.'®
The X-ray diffraction (XRD) patterns of the synthesized
products are displayed in Figure lc, where the characteristic
peaks at 20 = 15.11, 21.45, 30.47, 33.93, 37.67, and 43.51°
correspond, respectively, to (100), (110), (200), (210), (211),
and (202) diffractions of cubic CsPbBr; (JCPDS No. 54-0752).
More importantly, the as-prepared CsPbBr; QDs possess a
good chemical stability, which preserves their structural
properties under ambient air conditions for 30 days without
the appearance of other additional diffractions. Further, we
investigated the optical properties of the CsPbBr; QDs by
ultraviolet—visible absorption and PL spectra measurements,
and an obvious excitonic absorption peak (~503 nm) was
observed (red line, Figure 1d), similar to other observa-
tions.”**>** With UV lamp (365 nm) irradiation, the QD
colloidal solution exhibits a bright green emission (inset of
Figure 1d), and the PL spectrum (dotted blue line) of the
CsPbBr; QDs displays a green emission (~513 nm) with a line
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width of 182 nm. We then investigated the absolute PL
quantum yield (QY) of the as-prepared CsPbBry; QDs, and a
value range of 79.7—83.6% can be obtained. Moreover, the
CsPbBr; QD solution exhibits a higher stability in contrast to
that of the organic—inorganic hybrid MAPbBr; QDs. As shown
in Figure le, after a storage of 30 days in ambient conditions,
the CsPbBr; QD solution displays a 6.2% drop in the PL QY,
whereas that for MAPbBr; QDs is >85% even with a shorter
storage time (7 days), which indicates that the as-synthesized
CsPbBr; QDs can work as suitable building blocks for high-
efficiency LED applications. In addition, time-resolved PL
measurements were carried out to reveal their exciton
recombination dynamics. As shown in Figure 1f, the PL
decay spectrum of CsPbBr; QDs is nearly biexponential, giving
an average PL decay lifetime of 9.72 ns. Further, we estimated
the radiative (k,) and nonradiative (k,) decay rates of the
CsPbBr; QDs based on the obtained PL QY and average
lifetime by the following equations:”* k, = /7, and k,, = (1—
@)/, where ¢ is the PL QY, and 7, is the average PL
lifetime. Finally, k, = 0.085 ns™" and k,, = 0.018 ns™' were
calculated. Compared with the methylammonium lead bromide
perovskite crystals (k, = 0.010 ns™' and k,, = 0.247 ns™"), the
produced CsPbBr; QDs in our case possess much slower
nonradiative decay rate and faster radiative decay rate,
explaining the short radiative lifetime and high PL QY of as-
prepared CsPbBr; QDs.”> ™%’

To better investigate the optical recombination mechanisms
of the CsPbBr; QDs, we further performed the temperature-
dependent PL measurements (10—300 K). As seen in Figure
2a, with the increase of temperature, the emission intensity of
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Figure 3. (a) Coating solutions of C,(H;,NiO, in acetonitrile, CsPbBr; QDs in hexane, and ZnO NPs in chlorobenzene. (b) Schematic
illustration of solution-processed perovskite LEDs with a multilayered structure of Al/n-ZnO NPs/CsPbBr; QDs/p-NiO/ITO. (c)
Photograph of the resulting device consisting of six emitting units with an area of 2 X 2 mm?. Top-view SEM images of the device after each
processing step: (d) NiO, (e) CsPbBr; QDs, and (f) ZnO NPs. (g) Cross-sectional SEM image of the n-ZnO NPs/CsPbBr; QDs/p-NiO/ITO
heterostructure. The right panel is the elemental (Zn, Br, Ni, and Sn) mapping results of the heterostructure. (h) XRD patterns and (i)
normalized absorption spectra of the NiO and ZnO NPs. (j) Simplified energy band diagram of the LED heterostructure.

the CsPbBr; QDs exhibits a decreasing trend, accompanied by
a continuous blue shift of the emission peak, and Figure 2b
plots the corresponding photon energy of the CsPbBr; QDs
versus measured temperature. This counterintuitive blue-shift
phenomenon is uncommon and may be related to the thermal
expansion of the crystal lattice over the temperature-increasing
process and the electron—phonon renormalization.”® In
addition, the line width broadening behavior of the emission
peak with increasing temperature was also studied to inspect
the exciton—phonon interaction during the carrier recombina-
tion process (Figure S3, Supporting Information). The
corresponding optical phonon energy was calculated to be
29.6 + 3.2 meV, implying a strong exciton—phonon interaction,
which agrees well with the desired thermal antiquenching
action of CsPbBr; QDs, and so the device operation under
harsh environments could be expected. Excitation power-
dependent PL measurements were also performed to verify the
excitonic emission characteristics of the CsPbBr; QDs (Figure
S4, Supporting Information). Because the cubic phase of
CsPbBr; QDs is stable over the temperature-dependent PL
measurements, we further investigated the exciton binding
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energy of CsPbBr; QDs by plotting their integrated PL
intensity as a function of measured temperature. As shown in
Figure 2¢, the PL emission intensity at 10 K is about 4 times
stronger than that at 300 K, which can be attributed to the
thermally activated channels contributing for nonradiative
recombination. The integrated PL emission intensity could be
fitted well by the following equation:*’

Iy

e E)

(1)

in which I, is the emission intensity at 0 K and A is a
proportional constant. The fitting presented in Figure 2c
exports a value of Ey = 49.1 & 3.8 meV, which is well consistent
with other previously reported data.'"***°

As shown in Figure 2d, we further carried out the thermal
cycling measurements in the temperature range of 300—393 K
to understand the thermal stability of the as-synthesized
CsPbBr; QDs. One can observe that the relative PL intensity
of the CsPbBr; QDs gradually reduces with the increase of
temperature (heating process). After the cooling process was
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Figure 4. (a) Dependence of current density (dotted red line) and luminance (dotted blue line) on applied voltage of the LED. (b) EL spectra
measured at different voltages, together with a typical emission photograph of the LED with an active area of 2 X 2 mm? (at 5.0 V). (c) EQE,
current efficiency, and power efficiency versus voltage of the LED. (d) Histogram of the peak EQE measured from 30 devices with the same
device structure. (e) EQE of the LEDs structured with different size of ZnO NPs. (f) Change in the EQE and current efficiency with different

Mg content in Zn, Mg, O NPs.

administered, a slight emission decay appears and ~85.5% of
the original PL intensity remains. The unrecoverable behavior
of emission intensity implies an undesired thermal degradation
of PL performance, and the loss of ligands on the QD surface
should be responsible for these phenomena.sl’32 Even so, an
acceptable thermal stability of the CsPbBr; QDs opens
opportunities for making high-performance LEDs with a
good temperature tolerance. Figure 2e,f shows the successive
heating/cooling cycles for PL measurements, and a ~22%
emission decay was produced after three cycles, similar as the
observation in Pan’s study.”> Furthermore, time-resolved PL
measurements at high temperatures were performed to
investigate the decay kinetics of the CsPbBr; QDs. At five
representative temperature points (300, 323, 343, 363, and 393
K), PL decay spectra were measured and fitted, and the
obtained PL decay lifetimes of the CsPbBr; QDs are
summarized in the inset of Figure 2g. As mentioned above,
the PL emission decays from CsPbBr; QDs can be fitted with
biexponential decay, exhibiting a short lifetime (7;) and a long
lifetime (7,). The 7, could be ascribed to the recombination of
initially generated excitons with light absorption, and the 7,
may correspond to the bimolecular radiative recombination or
exciton recombination involving the surface states.>* Note that,
as the temperature is <160 K, the obtained PL decay curve can
be fitted by a single-exponential function, and as the
temperature is >180 K, the emission decay is biexponential
(Figure SS, Supporting Information). For instance, the PL
decay curve at 100 K was fitted by a single-exponential function
(Figure SSb), which can be assigned to the exciton-related
emission. This suggests that the exciton emission dominates the
emission decay at low temperature. In other words, the lower
energy emission at low temperature might be the exciton
emission that stabilizes. At the high-temperature region (180 K
and above), two different radiative mechanisms are involved.
The component proportion of 7, gradually decreases with the
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increasing temperature, whereas the opposite is the case for 7,.
Therefore, the 7, increases gradually with increasing temper-
ature (shown in the inset of Figure 2g). The subsequent decline
of 7., above 343 K may be due to the thermal degradation of
CsPbBr; QDs at high temperature, such as the loss of ligands
on the surface of QDs.>*

Figure 3a—c illustrates the fabrication procedures of the
perovskite LEDs. The solutions of C,oH;,NiO, in acetonitrile,
CsPbBr; QDs in hexane, and ZnO NPs in chlorobenzene were
spin-coated sequentially on a patterned ITO-coated glass with a
sheet resistance of 8 Q/sq. The schematic illustration of the
solution-processed, all-inorganic heterostructured LEDs is
displayed in Figure 3b, consisting of a multilayer structure of
Al/n-ZnO NPs/CsPbBr; QDs/p-NiO/ITO. A typical photo-
graph of the resulting device with an emitting unit area of 2 X 2
mm?® is displayed in Figure 3c. We monitored the
corresponding surface morphologies after each processing
step (Figure 3d—f), and three spin-coated layers are all
uniformly and compactly formed. Figure 3g presents the
cross-sectional scanning electron microscope (SEM) image of
the device structure, and a well-defined multilayered config-
uration can be found, from which the thickness of each
functional layer can be estimated: ZnO (65 nm, purple),
CsPbBr; (52 nm, green), NiO (90.5 nm, cyan), and ITO (120
nm, brown). Further, EDS elemental mapping measurements
(right panel) were performed on the ZnO/CsPbBr;/NiO/ITO
structure using Zn, Br, Ni, and Sn as the detection signals, and
these elements distribute regularly following the well-defined
heterointerfaces. In addition, the structural characteristics of
solution-processed NiO and ZnO NP layers were examined by
XRD. As seen in Figure 3h, three diffraction peaks typical to
cubic NiO structure (JCPDS No. 47-1049) can be observed
(top panel)."* The diffractions from ZnO NPs (bottom panel)
could be indexed to wurtzite ZnQ.***° Figure 3i shows the
normalized absorption spectra of NiO and ZnO NPs, and the
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Table 1. Summary of the Device Performances of the Prepared Perovskite LEDs

emission materials EL 4, (nm) line width (nm) max Lu® (cd/m?)

CsPbBr; QDs 519 19 6093.2
CsPbBr; QDs 516 18 1377
CsPbBr; QDs 523 19 233§
CsPbBr; QDs 527 24 3753
CsPbBr; QDs 516 23 946
CsPbBr, QDs 512 20 >10000
CsPbBr; films 527 18 407
MAPbBr; QDs 524 24 2503
MAPbBr; QDs 520 20 2398
MAPbBr; QDs 534 19 ~3000
MAPbBr; QDs 545 >10000
MAPbBr; QDs 522 22

MAPDBr; films 517 >30 364
MAPDBr; films 513 2900
MAPDBr; films 543 ~20 417
MAPDBr; films 530 ~41 ~545
MAPbBr, films 540 20 >10000
MAPDBr; films 540 ~25 3490
MAPDBr; films 535 7263

%l peak position. Lu: luminance. “CE: current efficiency.

max CE (cd/A)  max EQE (%) max PE? (Im/W) ref
7.96 3.79 426 this work
0.19 0.06 38
0.19 7
8.98 221 3.40 45
0.43 0.12 0.18 2
13.3 6.27 5.24 46
0.035 0.008 47
4.5 1.1 3.50 48
3.72 1.06 37
1.20 49
491 1.1 S0
158.5 5.09 12.17 S1
0.3 0.24 S
17.1 9.3 13.0 6
0.577 0.125 9
0.22 0.051 0.11 52
429 8.53 1
0.43 0.10 0.31 S3
9.45 2.28 54

9PE: power efficiency.

band gap of NiO (ZnO) is approximately 3.71 eV (3.58 eV). As
shown in Figure 3j, the energy band alignment of the proposed
heterostructure was drawn, and all the values are indexed to the
vacuum level. In our case, the bottom p-type NiO layer can play
the roles of hole-injection/electron-blocking layer owing to the
large ionization energy and small electron affinity. The n-type
ZnO NP layer acts as the hole-blocking/electron-injection layer
thanks to the matched electron affinity with the CsPbBr; active
layer and a low valence-band energy level. Note that there exists
a relatively small electron injection barrier at the ZnO/CsPbBr;
interface, but such an undesirable energy barrier could be
compensated effectively by a slightly small bias. Thus, electron
injection or transport from the top ZnO NPs to the CsPbBr;
QD emissive layer take effect, and the recombination of
electron and hole carriers confined in the CsPbBr; layer can be
expected.

To assess the device performance, the studied LEDs (Al/n-
ZnO NPs/CsPbBr; QDs/p-NiO/ ITO) were electrically driven
in the DC mode, and the light emission was detected from the
back side of the ITO/glass substrates. Figure 4a shows the
dependence of measured current density (dotted red line) and
luminescence (dotted blue line) on applied voltage, and a turn-
on voltage of ~2.8 V can be achieved, much smaller than many
reported perovskite QD LEDs.”*”*® The relatively low turn-on
voltage suggests that an efficient charge injection process has
been established. At 9.0 V, the device reaches a luminance of
5863.5 cd/m?, corresponding to a current density of 87.7 mA/
cm”. Figure 4b shows the electroluminescence (EL) spectra of
the device generated at different bias voltages (3.0—-8.0 V),
displaying a bright green emission (~519 nm). The
Commission International de I'Eclairage (CIE) color of the
green emission is measured with the coordinates of (0.108,
0.705), as seen in Figure S6 (Supporting Information). Also, we
confirmed the Lambertian emission feature of the perovskite
LEDs by performing the angle-dependent EL spectra (Figure
S7, Supporting Information). At different viewing angles, no
noticeable spectra shape change or peak shift can be observed.
The inset of Figure 4b displays a typical emission photograph
of the LED from the back side using a digital camera (at 5.0 V).
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An enlarged view of the emission photo captured by an optical
microscope is also displayed in Figure S8 (Supporting
Information) to demonstrate the emission uniformity and
color of the device unit. As shown in Figure S8, the emission is
uniform throughout the whole active area except for the border
area of the metal area, where some emission dark spots exist. As
the bias voltage is increased, the EL intensity gradually
increases, and meanwhile, the corresponding line width of the
EL spectra broadens slightly from 18.5 to 19.6 nm, which could
be attributed to an enhanced longitudinal optical—phonon
interaction at high electric field.*® Nevertheless, such a low line
width makes it possible to be used as a component in high-
definition display. Note that there is no parasitic emission from
the carrier injectors in the electrically driven process of the
device (Figure S9, Supporting Information), which implies that
the injected electrons and holes are well confined within the
CsPbBr; QDs active layer, and the recombination zone
(CsPbBry QDs) does not shift under operation. As shown in
Figure 4c, other key parameters (EQE, current efficiency, and
power efficiency) of the perovskite LEDs were also measured,
and the values of the above three parameters rise rapidly with
the increase of the bias voltage, which indicates that the
radiative bimolecular recombination dominates at high
excitation densities.” Consequently, the device demonstrates a
maximum EQE of ~3.53%, a current efficiency of 7.76 cd/A,
and a power efficiency of 4.06 Im/W. Note that these data were
obtained at an injection current density of ~1/10 lower than
that in the other reports,”*’ implying a small energy loss from
charge injection and transport. In addition, the internal
quantum efficiency (IQE) of the device was further estimated
by using the empirical formulas of IQE = 2n*EQE,"" and an
IQE = 15.9% was calculated finally. The reproducibility of the
device to practical LED applications was assessed, and 30
devices were measured for comparison on their performances
by using EQE as the evaluation criterion. As shown in Figure
4d, both the average EQE of 3.50% and a relative deviation of
16.5% indicate a good reproducibility of the studied devices.
Furthermore, we investigated the dependence of device
performances on the size of ZnO NPs, and the obtained results
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Figure 5. (a) Emission intensity of the perovskite LED versus running time under continuous bias voltages (4.0, 6.0, and 8.0 V). (b) EL
spectra of the LED measured before aging, after operation for 12 h, and after a relaxation time of 20 min. (c) Normalized emission intensity of
the perovskite LED after different running periods under different humidity conditions. (d) Temperature-dependent EL spectra of the device
at a fixed driving current density of 50 mA/cm?. The insets show the corresponding photographs of an emitting unit of the LED acquired at
different working temperature. (d) Three thermal cycling measurements of the perovskite LEDs at a fixed driving current density of 50 mA/

sz.

are summarized in Figure 4e. Herein, we employ the EQE as
the evaluation criterion, and three typical ZnO NPs with
different sizes were used for device preparation. One can
observe that the devices perform best when the size of ZnO
NPs is ~3.5 nm. Two possible reasons were thereby proposed
for discussion: (1) For the ZnO NPs with a smaller size, a more
favorable energy level alignment at the ZnO/CsPbBrj; interface
can be achieved. From the absorption and PL spectra shown in
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Figure S10 (Supporting Information), one can see that the
band gap of ZnO NPs increases with the decrease of NP size
because of the quantum confinement effect. Accordingly, the
conduction (valence)-band edge of ZnO would ascend
(descend).”” Therefore, a favorable electron injection process
from ZnO NPs to an adjacent CsPbBr; QD active layer can be
expected due to a reduced interfacial energy barrier. Also, the
valence-band offset at the ZnO/CsPbBr; interface becomes
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larger for a smaller size of ZnO NPs, which implies an
improved hole-blocking effect and effective leakage suppression,
thereby promoting the carrier recombination efficiency of the
device. (2) It can be generally accepted that the ZnO NPs with
a smaller size possess a higher conductivity,” which is in
accordance with their effective electron mobility (Table SI,
Supporting Information), and similar behavior has been
observed in other oxide NP systems."* Therefore, higher
electron mobility in ZnO NPs with a smaller size will facilitate
efficient electron transport to the CsPbBr; QD emissive layer,
increasing the efficiency of carrier injection and recombination.
Moreover, the carrier injection and confinement behavior can
be further improved by incorporation Mg into ZnO NPs to
produce Zn; Mg O injectors, which will induce a decreased
electron affinity and a descending valence band. Therefore, a
more favorable energy level alignment at the Zn;, Mg O/
CsPbBr; interface can be expected. Even so, the Zn, Mg.O
injector made from NPs suffers from a high density of surface
defects, so the exciton quenching may also occur at the
Zn;_ Mg, O/CsPbBr; interface. Figure 4e shows the change in
the EQE and current efficiency with different Mg content in
Zn,_ Mg, O NPs. The maximum values for EQE (3.79%) and
current efficiency (7.96 cd/A) were obtained when the Mg
content is 0.2, and a summary of the detailed device
characteristics is given in Table 1. However, above the critical
content of 0.2, the device performance shows an obvious
degradation. We herein consider that the Zn, Mg, O NPs with
higher Mg content have the advantages for carrier injection and
a confinement process, but the compromised electron
concentration goes against an efficient electron injection to
the CsPbBr; QD active layer. Thus, it seems reasonable that the
carrier recombination emission efliciency is reduced for
Zn,_ Mg, O NPs with a relatively high Mg content.

It is well-known that the operation stability for perovskite
LEDs has always been a challenge. In this work, we performed
the stability study on the unencapsulated perovskite LEDs
through the “single point versus time” measurements under
ambient conditions (20 °C, 30—40% humidity). Figure Sa plots
the EL intensity of the device versus running time under
continuous bias voltages (4.0, 6.0, and 8.0 V). At 4.0 V, a slight
decay (~10.2%) in the emission intensity was observed over
the whole aging test (12 h). As the bias voltage is elevated to
6.0 V and above, the decay magnitude of emission intensity
increases gradually. Specifically, the emission decays at 6.0 and
8.0 V were ~13.5 and ~18.2%, respectively. Despite this, the
operation stability herein is still better than that in previous
studies (Table S2, Supporting Information). The correspond-
ing demonstrative experiment (20 min at 8.0 V) on operation
stability of the device can be found in Movie S1 (Supporting
Information). For the undesired emission decay, the possible
reason can be attributed to the inevitable heating effect, which
increases with the bias voltage and the running time of the
device.> Generally, the heating effect would induce the
generation of additional nonradiative recombination centers,
substantially decreasing the carrier recombination efficiency of
the device. Figure Sb demonstrates the EL spectra of the LED
measured before aging (blue curve) and after operation for 12 h
(green curve), and the significantly reduced emission intensity
is consistent with the above discussions. An additional
observation is that such an emission decay is recoverable;
after a non-operating state (~20 min), its emission perform-
ance (red curve) almost recovers to the initial level.
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In real life, the functional LEDs have to work in the open air
with inconsistent humidity conditions. Therefore, the long-
term operation stability of the perovskite LEDs was further
investigated in humid air (25—75% humidity) without
encapsulation. In this measurement, we monitored the emission
decay of the perovskite LEDs at different running periods under
five humidity points (25, 40, S5, 65, and 75%), in which the
applied bias was fixed at 8.0 V and the time interval for signal
acquisition was 1 h. As shown in Figure S5c, the studied
perovskite LEDs exhibit a slight emission decay of <20% even
after 12 h running in humid air (25—55% humidity). As the
humidity is increased to 65% and above, the increment of
emission decay shows an increasing trend. Specifically, the
emission decays at 65 and 75% humidity are ~23.7 and
~29.1%, respectively. Despite this, the humidity tolerance of
the perovskite LEDs in our case is greatly superior to that of
other perovskite-based optoelectronic devices.”™” It has been
generally accepted that the metal oxide semiconductors could
function as effective moisture barriers that prevent H,O from
penetrating into the sandwiched perovskite active layer.”® For
the larger emission decay at higher environmental humidity, it
could be ascribed to the slight degradation of the CsPbBr;
emitter.

To evaluate the temperature tolerance of the proposed
perovskite LEDs further, temperature-dependent EL measure-
ments were performed. As shown in Figure 5d, at a fixed
driving current density of S0 mA/cm? the EL performances
demonstrate a regular change, and the EL intensity reduces
gradually with increasing working temperature. At 343 K, the
integrated EL intensity decreases to 35%, and at 393 K, only
<5% of the emission intensity remains, as seen in Figure Se
(blue plotted line). The insets of Figure Sd illustrate the
corresponding photographs of an emitting unit of the
perovskite LED acquired at different working temperature,
and an obvious weakening trend on the emission intensity can
be distinguished, which results from the increasing probability
of heating-induced nonradiative recombination. Although the
emission peak of the solution-processed perovskite LEDs is
observed to diminish with increasing temperature, the effective
EL emission can be sustained at a high level up to ~393 K.
Such a high operation temperature indicates a good temper-
ature tolerance of the proposed perovskite LEDs and is also
evident of the rational device design with an all-inorganic
heterostructure.

For a better understanding on the temperature tolerance of
the perovskite LEDs, three successive thermal cycling EL
measurements were performed, and the injection current
density was fixed at S0 mA/cm® For cycle 1, after the cooling
process, a relatively low emission decay of ~9.6% was observed.
Therefore, we consider that the emission degradation at high
temperature is recoverable, but it could not recover to its
original state, which is consistent with the experimental results
in thermal cycling PL measurements shown in Figure 2d—f. An
additional observation is that the decay magnitude of emission
intensity is slightly increased after the cooling processes of
cycles 2 and 3. After three measurement cycles, the EL emission
intensity shows a 15.1% decay. The above observations indicate
the stable and reproducible characteristics of the proposed
perovskite LEDs and also their excellent temperature tolerance,
promoting the existing applications and indicating additional
potentials.
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CONCLUSIONS

In conclusion, we have demonstrated a solution-processed
approach to fabricate all-inorganic heterostructured perovskite
LEDs, in which solution-processed n-ZnO NPs and p-NiO are
used as the carrier injectors and inorganic CsPbBr; QDs are
employed as the active layer. Through the size optimization and
band gap adjustment of the ZnO NP injector, the proposed
perovskite LEDs demonstrate a high-efficiency green emission
with a luminance of 6093.2 cd/m? an EQE of 3.79%, and a
current efficiency of 7.96 cd/A. Note that the studied
perovskite LEDs, even without encapsulation, present a good
operation stability after a long running time in ambient air
conditions. More importantly, the EL emission of the devices
can be efficiently sustained at a high humidity (75%, 12 h) and
a high temperature (~393 K, three heating/cooling cycles),
indicating high humidity/temperature tolerances and a desired
compatibility for practical applications under harsh conditions.
It is anticipated that the results obtained may push forward the
development and practical deployment of high-efficiency and
stable perovskite LEDs.

EXPERIMENTAL SECTION

Materials. Cs,CO; (>99.9%), PbBr, (>99.9%), octadecene (ODE,
90%), oleic acid (OA, 90%), octylamine (90%), hexanoic acid (90%),
and zinc acetate dehydrate (>99%) were purchased from Aladdin.
N,N-Dimethylformamide (DMF), chlorobenzene, hexane, KOH, and
acetonitrile were purchased from Beijing Chemical Reagent Co., Ltd,,
China.

Preparation of Cs-Oleate Solution. Cs,CO; (0.65 g) and OA
(2.5 mL) were loaded in a three-neck round-bottom flask along with
18 mL of ODE. The mixture was heated to 120 °C for 60 min. Then,
the temperature was increased to 150 °C under nitrogen conditions
until the reaction was completed fully.

Synthesis of CsPbBr; QDs. PbBr, (0.272 mmol) and DMF (5
mL) were added in a three-neck round-bottom flask. Then, octylamine
(0.6 mmol) and hexanoic acid (0.1 mmol) were loaded. Thereafter,
the temperature of the mixture was increased to 150 °C. At this
temperature, 2.5 mL of Cs-oleate solution was added quickly. Five
seconds later, an ice—water bath was used to cool the reaction mixture.
By using the centrifugal process (5000 rpm, 6 min), the resultant
solution was extracted. Finally, by the addition of hexane into the
resulting solution, the CsPbBr; QD solution was obtained.

Preparation of ZnO NPs. The ZnO NPs were synthesized
according to ref 59. First, 2.95 g of zinc acetate dehydrate dissolved in
methanol was stirred vigorously at 60 °C. Then, 1.48 g of KOH
dissolved in methanol was added into the zinc acetate dehydrate
solution dropwise (~10 min). The obtained mixture was stirred for
135 min (60 °C). After the temperature was cooled to room
temperature, the precipitate was extracted and washed with methanol.
By adjusting the concentration of precursor, three different sizes of
ZnO NPs were synthesized. For use of electron-providing layer in
perovskite LEDs, the methanol solvent was removed to minimize the
negative effect on the underlying CsPbBr; layer. After the drying
process, the resulting ZnO NP powder was redispersed in
chlorobenzene to form a ZnO NP solution with the concentration
of 3%.

Device Preparation. First, densely packed NiO films were
prepared on the precleaned ITO glass substrates by using the spraying
technique, in which the solution of C,,H,NiO, in acetonitrile was
employed as the precursors and the substrates were mounted on a hot
template (450 °C). Following that, the CsPbBr; QD solution (hexane,
10 mg/mL) was spin-coated (1500 rpm, 20 s) to produce a compact
layer. The ZnO NP solution (chlorobenzene, 3%) was then spin-
coated at 2000 rpm for 30 s, followed by an annealing treatment at 100
°C for 10 min. Finally, a Au electrode (~40 nm) was thermally
evaporated on the ZnO layer using a shadow mask, and the active area
of the device was 4 mm>*
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Characterizations. Materials. The microstructures of the as-
synthesized perovskite QDs were characterized using a high-resolution
TEM (JEOL, JEM-3010). The crystallinity characterizations of
CsPbBr; QDs, NiO, and ZnO NPs were analyzed by XRD (Panalytical
X'Pert Pro). The morphologies and chemical compositions of the
products were analyzed by SEM (JEOL, JSM-7500F) and EDS. The
optical properties of the products were measured using a Shimadzu
UV-3150 spectrophotometer and steady-state PL spectra (Horiba;
Fluorolog-3) with an excitation line of 395 nm. A closed-cycle helium
cryostat (Jannis; CCS-100) was used to carry out the PL measurement
at different temperatures. The absolute PL QY of the CsPbBr; QD
solution was measured using a fluorescence spectrometer (Horiba;
FluoroMax-4) with an integrated sphere (Horiba; Quanta-¢) with the
excitation wavelength of 360 nm. A pulsed NanoLED (Horiba; 371
nm) was used to conduct the transient PL measurement. Note that the
measured absorption/PL spectra and QY of the CsPbBr; QDs at room
temperature were performed with the colloidal solution (hexane).
Excitation power/temperature-dependent PL were conducted with the
perovskite films by spin-coating the CsPbBr; QD solution on SiO,/Si
substrates.

Devices. The current—voltage curve of the perovskite LEDs was
analyzed using a Keithley 2400 source. A spectra acquisition system
including lock-in amplifier (Stanford; SR830-DSP) and photo-
multiplier tube (PMTH-S1-R1527) was used for EL spectra collection.
For high-temperature EL measurement, the device was placed on a
copper heat sink, the temperature of which can be controlled by a
heating pane with a heating area of 40 mm X 40 mm. The luminance—
voltage characterization was measured by using a PR650 SpectraScan
spectrophotometer, a calibrated luminance meter, and a Keithley 2400
source. A silicon photodetector (THORLABS; S120VC) and a digital
optical power meter (THORLABS; PM100D) were used to record the
output optical power.
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