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Lead halide perovskites have been considered promising materials for optoelectronic applications owing to
their superior properties. CsPbBrs nanocrystals (NCs) with a narrow particle size distribution and a narrow
emission spectrum are synthesized by ligand-assisted re-precipitation (LARP), a low-cost and facile
inverted CsPbBrz; NC LEDs, (HIL) of 1,4,58,9,11-
hexaazatriphenylene-hexacarbonitrile (HAT-CN)/MoOs is introduced to enhance hole injection and
transport, because HAT-CN can extract electrons easily from the hole transport layer and leave a large
number of holes there. The current and power efficiencies of the optimized device with a dual HIL are
1.5- and 1.8-fold higher than those of the single HIL device. It is believed that the dual HAT-CN/MoOs

process. In a dual hole injection layer
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1. Introduction

Lead halide perovskites have attracted interest for optoelec-
tronic applications such as light-emitting diodes (LEDs),'?
lasers,** photodetectors,” and solar cells (SCs),'**> due to their
superior properties, including their tunable bandgap,” high
purity color with a narrow full width at half-maximum (FWHM
~ 20 nm)* and high photoluminescence quantum yield (PLQY
= 90%).” In recent years, all-inorganic cesium lead halide
perovskite nanocrystals (CsPbX; NCs, where X = Cl™, Br, or1")
have been reported, which possess some unique properties, like
low surface roughness, high ink stability, and high thermal and
ambient stability,'**® making them ideal for the optoelectronic
devices. CsPbX; NCs are typically prepared by a hot-injection
method, which requires high temperature and an inert atmo-
sphere. Furthermore, a large-scale hot-injection process is
problematic, as it is difficult to localize the reaction.”® On the
other hand, ligand-assisted re-precipitation (LARP) provides
surface passivation by introducing capping ligands on the
surface of NCs."” Meanwhile, the procedure is carried out at
room temperature in an air environment, which reduces costs
and simplifies the process.'*?**>
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HIL effectively promotes hole injection and has promise for application in many other devices.

The first reported CsPbBrz; NC LED exhibited an external
quantum efficiency (EQE) of just 0.12%,>® and the electrolumi-
nescence (EL) performance was far below than those of CdSe/
ZnS based quantum dot LEDs and organic LEDs. In order to
improve the EL performances in perovskite NC LEDs, various
strategies have been proposed, including ligand engineering,
thin film assemblies engineering, compositional engineering
and device structural engineering.”* For example, Yang et al.
reported CsPbBr; NCs with high and versatile stabilities by
using a “Br-equivalent” ligand strategy; Lin et al mixed
a CsPbBr; perovskite with a MABr additive, and the CsPbBr;/
MABr quasi-core/shell structure results the device with an
external quantum efficiency of 20.3%; Zou et al. reported doping
of Mn*" in CsPbX; NCs, resulting in significantly improved
thermal stability and optical performance of the NCs.**?” In
addition to perovskite NC materials themselves, the injection
energy barrier between the NC emitting layer (EML) and the
electrodes is another critical issue that strongly affects the
device performances.** To resolve this issue, device structural
engineering is also indispensable. For instance, Khan et al
introduced Li-doped TiO, nanoparticles as the electron trans-
port layer (ETL) to enhance the electron injection, and the
current efficiency was improved 2.7 times than that of the device
with a pristine TiO, ETL.”® An inverted device structure is
preferable for the integration of n-type thin film transistors
(TFTs) with high electron mobility because a direct connection
between the bottom cathode and the transistor provides a low
and stable driving voltage.” Among the reported inverted
perovskite LEDs, inorganic carrier transport layers (e.g. ZnO for
n-type and NiO for p-type) have been adopted widely.*** ZnO
nanoparticles (NPs) with high electron mobility and high
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transparency in the visible region can be obtained by a solution
process at room temperature.*>* Owing to facile electron
injection in ZnO, electrons can be injected into perovskite EML
readily via the ZnO layer, even with high-work-function indium
tin oxide (ITO) as the cathode. However, holes are difficult to
injected into the perovskite EML due to the relatively low work
function of the metallic anode (e.g, Al) in the inverted structure.
Therefore, in addition to selecting an appropriate hole trans-
port layer (HTL) to match the valence band (VB) edge of the
perovskite EML, hole injection from anode to HTL must be
considered as well. Various materials have been reported to
enhance hole injection, such as V,05, M0oO3, poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), and
1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile (HAT-CN)
with its strong electron-withdrawing ability.**~%”

In this study, the CsPbBr; NCs have been synthesized using
a facile, modified LARP method. The obtained monoclinic
CsPbBr; NCs have a narrow particle size distribution and
a narrow emission spectrum; they are introduced as the EML in
inverted LED structures. Based on the single MoO; HIL, we
further inserted a thin film of HAT-CN between MoO; and
4,4’ 4"-tris(carbazol-9-yl)-triphenylamine (TCTA) layers. The
dual HAT-CN/MoO; HIL enhances hole injection and balances
charge carriers. The thickness ratio of HAT-CN and MoO; has
been investigated in detail; the inverted CsPbBr; NC LED with
a HAT-CN (2.5 nm)/MoO; (7.5 nm) HIL exhibits the best EL
performance, with a current efficiency (CE) of 0.23 cd A~" and
power efficiency (PE) of 0.18 Im W™, 1.5- and 1.8-fold higher
than those of the single HIL device, respectively.

2. Experimental
2.1 Materials

CsBr (Aladdin, 99.999%), PbBr, (Aladdin, 99.999%), oleic acid
(OA, Aladdin, 85%), oleylamine (OAm, Aladdin, 90%), N,N-
dimethylformamide (DMF, J&K, 99.8%), toluene (Sinopharm
Chemical Reagent, =99.5%), ethyl acetate (Aladdin, =99.5%),
tetramethylammonium hydroxide pentahydrate (TMAH,
Aladdin, 97%), zinc acetate dihydrate (Aladdin, 99%), dimethyl
sulfoxide (DMSO, Aladdin, =99.9%), absolute alcohol (Aladdin,
=99.5%), TCTA (Luminescence Technology, 99%), MoO; (Alfa
Aesar, 99.999%) and HAT-CN (Jiangsu Sunera Technology, 99%)
were used as received.

2.2 Synthesis of ZnO NPs and CsPbBr; NCs

ZnO NPs were synthesized according to a previously published
procedure.* TMAH (996.8 mg, 5.5 mmol) dissolved in 10 mL
absolute alcohol was added dropwise to a solution containing
zinc acetate dihydrate (658.5 mg, 3 mmol) dissolved in 30 mL
DMSO. After stirring for 2 h at room temperature, the mixture
was washed three times with ethyl acetate. The precipitate
(containing ZnO NPs) was finally dispersed in 10 mL butanol
(~40 mg mL 7).

Synthesis and purification of CsPbBr; NCs. PbBr, powder
(73.4 mg, 0.2 mmol), CsBr powder (42.6 mg, 0.2 mmol), OA (0.5
mL), and OAm (0.25 mL) were added to 5 mL DMF and stirred
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for 30 min at room temperature. A portion (3 mL) of the ob-
tained mixture was swiftly injected into 30 mL toluene under
vigorous stirring. After stirring, the resulting solution was
mixed with ethyl acetate in a 1 : 3 ratio (v/v) and centrifuged for
10 min at 8000 rpm. After centrifugation, the supernatant was
discarded, and the precipitate was dispersed in hexane. Stable
CsPbBr; NC ink (~10 mg mL ') was obtained by removing
larger particles after centrifuging the crude dispersion for 5 min
at 8000 rpm.

2.3 Device fabrication

Patterned ITO substrates were cleaned ultrasonically for 15 min
each with detergent, deionized water, acetone, and isopropyl
alcohol. After being dried under nitrogen flow, the substrates
were treated with UV-ozone for 15 min. ZnO NPs were spin-
coated at 2000 rpm for 30 s and then annealed at 150 °C for
20 min in air. Next, the CsPbBr; NC EML was formed by spin-
coating at 1500 rpm for 30 s. Finally, the substrates were
transferred into a vacuum thermal evaporation chamber to
deposit TCTA, HAT-CN, MoO;, and Al anode under a base
pressure of 5 x 10~ ° torr. The layer thickness is determined
from the quartz crystal microbalance (QCM) during growth. The
device area was 9 mm?, defined by the overlapping area of the
ITO cathode and Al anode.

2.4 Measurements

The voltage-current density-luminance (V-I-L) characteristics
and electroluminescence spectra of the devices were evaluated
by a computer-controlled Keithley 237 Sourcemeter, Topcon
BM-7A Luminance Colorimeter, and Ocean Optics QE65 Pro
spectrometer, respectively. The steady-state photoluminescence
(PL), time-resolved PL lifetime, and ultraviolet-visible (UV-Vis)
absorption of the CsPbBr; NC films were acquired using an
Edinburgh FLS1000 and a Mapada UV-3100PC, respectively. The
X-ray diffraction (XRD) and transmitted electron microscopy
(TEM) patterns were obtained on a Bruker D§ ADVANCE Da
Vinci and a TALOS F200X, respectively.

3. Results and discussion

The complete LARP method to synthesize CsPbBr; NCs is
described in the experimental section. The OA ligand prevents
NC aggregation, while the OAm ligand controls NC growth and
improves the solubility of the precursors in DMF. The XRD
pattern of the as-prepared CsPbBr; NCs is consistent with that
of monoclinic-phase CsPbBr; (PDF#18-0364), as shown in
Fig. 1(a). The NCs exhibits pattern with six characteristic peaks,
assigned to the (100), (110), (200), (201), (211), and (202) crystal
planes.?® Fig. 1(b) shows a low- and high-resolution TEM image
of the NCs. Most of the NCs display a similar rectangular shape
but differ in size; the details of NCs with a clear lattice (shown in
the inset) indicate high-quality single crystallinity. Two types of
lattice can be observed, with the interplanar spacing of 0.42 and
0.60 nm, which can be assigned to the (110) and (100) crystal
planes, respectively.®® Fig. S1 in the ESIf summarizes the size
distribution of approximately 100 NCs measured from two TEM

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) XRD patterns of synthesized CsPbBrs NCs and a standard
monoclinic sample, (b) low- and high-resolution TEM images of
CsPbBr3 NCs.
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Fig. 2 (a) UV-Vis absorption and PL (365 nm excitation) spectra of the
CsPbBrs NC film, (b) PL decay and fitting curve of the CsPbBrs NC film.

images (adhesive NCs were not counted). The size distribution
for all NCs ranges from 5 to 15.5 nm, with the average diameter
dimension 7.5 £+ 1.8 nm.

UV-Vis absorption and PL emission spectra of the CsPbBr;
NC thin film are shown in Fig. 2(a). The perovskite thin film
produces a narrow emission spectrum under 365 nm excitation
with an emission peak at 504 nm; the FWHM of the PL peak is
only 22 nm. The narrow emission spectrum indicates superior
color purity for display applications. The UV-Vis absorption
band at >504 nm suggests the presence of large particles or
unreacted precursors.* Time-resolved PL was performed on the
perovskite film to investigate exciton recombination dynamics,
as shown in Fig. 2(b). The decay curve is fitted to bi-exponential
decay functions, and the fitting results indicate a short-lived PL
lifetime (t,) of 5.1 ns (68.2%), a long-lived PL lifetime (z,) of 18.3
ns (31.8%), and an average PL lifetime (t..) of 9.3 ns, which
indicate a relatively high ratio of radiative to non-radiative
transitions.*’

We subsequently employed CsPbBr; NCs as the emitting
material in inverted devices, as described in the Experimental
section. Fig. 3 shows the structure of the device and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Device structure of the inverted CsPbBrs NC LEDs, (b)
schematic energy level diagram of materials used in the device.

corresponding energy levels of the materials in the inverted
CsPbBr; NC LEDs.>?3141:42

TCTA, with a highest occupied molecular orbital (HOMO)
level of —5.6 eV, was selected as the HTL to match the VB edge of
the CsPbBr; NC film. The effectiveness of HAT-CN as a HIL or
a dopant in the HTL has been reported previously.**** The six
carbonitrile units in HAT-CN have a strong electron-
withdrawing ability; hence, HAT-CN can be used as electron
acceptor (p-doping material), owing to its large electron
affinity.* In most oxides, a particular defect will dominate
under atmospheric environment. MoO; intrinsically behaves as
an n-type material because its dominant defect is an oxygen
vacancy. As an n-type oxide with wide band gap, MoO; has also
proven effective for hole injection.* To verify the effectiveness
of both HAT-CN and MoO; for hole injection, inverted CsPbBr;
NC LEDs with no HIL and two types of single HILs were fabri-
cated. Among them, device B and C have single HILs with HAT-
CN and MoOj3, respectively. The device structures are as follows:

Device A: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/Al
(100 nm).

Device B: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/HAT-
CN (10 nm)/Al (100 nm).

Device C: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/MoO;
(10 nm)/Al (100 nm).

The EL performances of devices A, B and C are shown in
Fig. 4. Firstly, only device C emits light, while devices A (with no
HIL) and B (with a HAT-CN HIL) exhibit extremely low currents
without any light. Al with a low work function (4.3 eV) was
deposited directly on TCTA without HIL in device A; hence, the
interface barrier is prohibitively high for effective hole injection.
In device B, the high interface barrier between Al and HAT-CN
causes electron accumulation in HAT-CN and makes electron
extraction from TCTA difficult. In addition, atomic force
microscopy (AFM) of the HAT-CN film (Fig. 5(a)) reveals that it
has a relatively rough surface with a root-mean-square (RMS)
value of 5.25 nm, which may be caused by the complex hexag-
onal arrangement of the crystalline structure of HAT-CN.****
The rough surface renders a smaller contact area between HAT-
CN and the Al electrode, which is unfavorable to hole injection.
It also has been reported that connecting HAT-CN separately as

RSC Adv, 2020, 10, 17653-17659 | 17655
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(a) Current density—voltage, (b) luminance-voltage, (c) current efficiency—luminance, and (d) power efficiency—luminance of the inverted

CsPbBrs NC LEDs with no HIL and different single HiLs. Inset: device C operating at a voltage of 5V and its EL spectrum.

a single HIL to various HTLs (the HOMO level from —6.22 eV to
—5.4 eV) does not provide effective hole injection.*

In contrast, the EL performance of device C confirms that the
introduction of MoOs is necessary to the device. As presented in
the inset of Fig. 4(b), the emission peak of device C appears at
506 nm with a narrow FWHM of approximately 23 nm.
Compared to the PL spectrum of the CsPbBr; NC film, the EL
peak exhibited a 2 nm red-shift, which may be attributed to the
electric-field-induced Stark effect.** The turn-on voltage
(defined as the voltage at a luminance of 1 cd m™?), maximum
CE, and maximum PE of the device C with a single MoO; HIL
are 2.6 V, 0.15 cd A", and 0.1 Im W™, respectively. A series of
interface states generated between MoO; and the Al anode as
a consequence of MoO; film insertion; these are attributed to
a reduced Mo phase by hole injection from AL* They are very
close to the Fermi level of Al and overlap each other, increasing
the work function of Al, and eventually facilitating hole injec-
tion and transport. Furthermore, as can be observed in Fig. 5(b),
MoO; (10 nm) is very uniform (RMS = 0.86 nm) over the whole
area, contributing to efficient hole injection.

Compared to the electron mobility of ZnO (1.8 x 10™* cm
v~ s7"), the hole mobility of TCTA (3 x 10™* em®> V™' s7) is
much lower,**® resulting in unbalanced charge carriers in the
EML. To further enhance hole injection to the EML, we tried to
insert a thin film of HAT-CN between MoO; and the HTL. As
mentioned, the strong electron-withdrawing properties of HAT-
CN may allow it to extract electrons from the hole transport
materials with suitable HOMO levels when in contact with
them, generating numerous holes to improve hole injection and

2

transport. Three dual HIL devices with different thickness ratios
of HAT-CN and MoO; were fabricated. The HIL thickness was
maintained for consistent cavity length; the device structures
are as follows:

Device D: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/HAT-
CN (7.5 nm)/MoOj3 (2.5 nm)/Al (100 nm).

Device E: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/HAT-
CN (5 nm)/MoO; (5 nm)/Al (100 nm).

Device F: ITO/ZnO (25 nm)/NCs (30 nm)/TCTA (40 nm)/HAT-
CN (2.5 nm)/MoOj3 (7.5 nm)/Al (100 nm).

The EL performances of devices D, E and F are shown in
Fig. 6. Devices E and F are illuminated, while device D, con-
taining the thinnest MoOj; film, exhibits almost no current
under the driving voltages. As mentioned earlier, when used as
the HIL, MoOj; can increase the work function of Al and thus
decrease the hole injection barrier. It is noteworthy that
increasing the work function of Al has a close positive correla-
tion to the thickness of MoOj; in the range of several nanome-
ters, and then the work function plateaus with thicker MoO;
films.” The MoO; film in device D is only 2.5 nmj; this results in
difficulty in hole injection. In another word, the MoO; film is
too thin to increase the work function of Al sufficiently, so that
the barrier for hole injection is still too high. Meanwhile, as
illustrated in Fig. 5(c), RMS value of the dual HIL surface of
device D is 3.74 nm, which may negatively affect hole injection.

Table S2f summarizes the performances of CsPbBr; NC
LEDs with different HILs. It is clear that the EL performances
are enhanced for devices with dual HILs compared to those with
a single HIL. Devices E and F have higher current densities than
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Fig.5 AFM images of (a) HAT-CN (10 nm), (b) MoOs (10 nm), (c) HAT-CN (7.5 nm)/MoOx3 (2.5 nm), (d) HAT-CN (5 nm)/MoOs (5 nm), and (e) HAT-

CN (2.5 nm)/MoQOs (7.5 nm) on TCTA (40 nm) film.
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Fig. 6
CsPbBrz NC LEDs with different thicknesses of HAT-CN and MoOs.

device C under the same driving voltage, and their turn-on
voltages are 2.3 V, lower than that of device C (2.6 V). At 300
cd m?, the driving voltages for devices C, E, and F are 5.3, 5.2,
and 4.4V, respectively. The maximum CE and PE of device F are
0.23 cd A" and 0.18 Im/W respectively, which are 1.5- and 1.8-
fold higher than those of device C, which contains a single
MoOj; HIL. Meanwhile, device E and F show a current density of
207.6 and 233.2 mA cm ™2, over 1.18- and 1.34-fold higher than
that of device C (174.6 mA cm™?) at the driving voltage of 5 V.
From Fig. 5(d) and (e), device E and F have a rougher surface of
the HIL but show higher current densities than those of device
C. In view of this, we believe that the extra hole injection paths
in device C are not enough to make up for the lack of HAT-CN.
In addition, devices with a structure of ITO/TCTA/HIL/Al were
fabricated to ensure the hole injection enhancement of the
dual-HIL device. As shown in Fig. 7, the current density of the
device with a HAT-CN/MoO; HIL is higher than that of the
device with a MoO; HIL. The results demonstrate that the
introduction of a thin HAT-CN film can effectively promote hole
injection.

In general, the hole injection efficiency depends on the
barrier height and the hole mobility of the hole transport layer.
In our dual HIL devices, MoO3; and HAT-CN play important and
distinct roles for hole injection. MoO; increases the work
function of Al effectively, thus decreasing the barrier for hole
injection at the interface; it also provides a smooth surface for
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Fig. 7 Current density—voltage characteristics of the hole-only

devices with different HILs, where the device structure is ITO/TCTA
(40 nm)/HIL/AL (100 nm).
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adequate contact area with Al, resulting in more hole injection
paths. HAT-CN, with high electron mobility and a large electron
affinity,**° allows the facile transfer of electrons from the
HOMO level of TCTA to the LUMO level of it. This electron loss
is equivalent to hole injection, as illustrated in Fig. 8. The
process, which occurs at the interface between HAT-CN and
TCTA, is similar to what occurs at the interface between NPB or
TAPC and HAT-CN.****> Meanwhile, the high electron mobility
of HAT-CN makes electron transport quick from HAT-CN to Al/
MoO;. The hole mobility would be enhanced due to the
coulombic interaction at the charge recombination interface
and the high electron mobility of HAT-CN.*® Finally, the intro-
duction of the dual HIL greatly enhances the hole injection
efficiency and the EL performances.

4. Conclusions

In summary, CsPbBr; NCs with a narrow particle size distribu-
tion and a narrow emission spectrum were synthesized by
a LARP method. In inverted CsPbBr; NC LEDs, a dual HIL
comprising HAT-CN and MoOs; is introduced to enhance hole
injection. As the dual HIL, HAT-CN generates numerous free
holes at the interface while MoQ; increases the work function of
the Al anode to improve hole injection. Finally, compared to the
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single HIL device, the CE and PE were improved 1.5- and 1.8-
fold, respectively, with HAT-CN (2.5 nm)/MoO; (7.5 nm) as
a dual HIL. These results demonstrate that a dual HAT-CN/
MoO; HIL, connected to TCTA, can effectively promote hole
injection, and has potential for application with many other
devices.
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