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ABSTRACT: At present, the high defect density and strong
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nonradiative recombination rate of all-inorganic cesium lead PL ; /I < -
bromide (CsPbBr;) perovskite light-emitting diodes (PeLEDs) S081 & =€ Picterojunction
seriously inhibit the improvement of their quantum efficiency. In & s &
this paper, the addition of a short-chain additive, diethylammonium 2967 )
bromide (DEABr), aims to control the generation of a quasi-2D §04_
large n-phase to optimize the surface morphology and construct = =
two-dimensional/three-dimensional (2D/3D) heterojunction per- 02
ovskite structures to enhance the EL efficiency of PeLEDs.
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Through Kelvin probe force microscopy (KPFM) characterization, 040400 e o o o, HIO_‘H e
we confirmed that the 2D phase grains with a low potential are Wavelength (nm) o --0

locally formed on the surface of the perovskite film under the

action of DEABr. The existence of the 2D phase effectively improved the surface morphology and suppressed surface defects. In
addition, the in situ constructed 2D/3D heterojunction perovskite structure further increases the exciton radiative recombination
rate and significantly improves the electroluminescent performance. By optimizing its doping concentration, the optimal all-inorganic
PeLED displays a current efficiency (CE) of 30.3 cd A™', an external quantum efficiency (EQE) of 9.6%, and a maximum brightness
of 32,500 cd m™>. According to our results, the formation of 2D structures on the surface of the CsPbBr; film can improve surface

morphology issues and optoelectronic properties of the film.

KEYWORDS: perovskite light-emitting diodes, surface morphology, 2D/3D heterojunction, Kelvin probe force microscopy,

in situ constructed

1. INTRODUCTION

As a popular semiconductor material, lead halide perovskite
has attracted great scientific interest in the field of
optoelectronics, such as photovoltaic cells (PSCs), light-
emitting diodes (LEDs), lasers, and detectors.' ™ In particular,
the excellent optical and electrical properties, such as high
photoluminescence quantum efficiency (PLQY), tunable band
gap, high carrier mobility, and high color purity, as well as its
solution processability, have broad application prospects in
cost-effective and high-performance optoelectronic devices.”*
Since the first report in 2014, the use of perovskites as light-
emitting materials for LEDs has received extensive attention
from researchers, and perovskite light-emitting diodes
(PeLEDs) have become an important field of scientific
research. In particular, the external quantum efliciency
(EQE) of PeLEDs using organic—inorganic hybrid perovskites
and low-dimensional (LD) perovskite structures has exceeded
20%.'9""* However, when organic cations such as methyl-
ammonium (MA") or formamidine (FA*) occupy the A site of
the perovskite crystal structure, the perovskite structure is

© 2022 American Chemical Society

v ACS Publications 56374

more sensitive to water, electrical stress, and thermal

15,16
effects,

which seriously affect the electroluminescence
(EL) performance of the device and hinder the development of
PeLED:s in practical applications. Therefore, researchers found
that inorganic cesium ions (Cs*) can be used to prepare all-
inorganic perovskite structures with better stability, namely,
CsPbX; (X = Cl, Br, and I) and their mixtures.'” However, the
EL efficiency of all-inorganic PeLEDs is affected by the poor
film formation quality, mainly due to the large grain size and
high defect density,'® resulting in poor EL performance, but
with the advantages of a long working life and high

stability.'”*° Therefore, improving the optoelectronic proper-
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Figure 1. (a) XRD patterns of perovskite films fabricated by CsPbBr; precursor solutions doped with DEABr (0, 9, 11, and 13 mg/mL). Top-view
SEM of the perovskite film with DEABr concentrations of (b) 0 mg/mL, (c) 9 mg/mL, (d) 11 mg/mL, and (e) 13 mg/mL.

ties of all-inorganic PeLEDs may be helpful to realize the
commercial application of highly efficient and stable PeLEDs.

Currently, various strategies, such as antisolvent treatment,
addition of passivators, composition optimization, and inter-
face-induced crystal growth, have been proposed to address the
problems of large grains and high defect density on the surface
of the CsPbBr; film. In addition to the above strategies, the
construction of LD/3D heterophased perovskite structures in
the film has been shown to be an effective scheme to achieve
stable and efficient PSCs and PeLEDs.”' ">’ Adding alkali
metal halides such as KBr and CsBr to the precursor solution
of CsPbBr; can effectively generate the 0D phase structure in
the film.”*** The deep energy level of the 0D phase effectively
confined excitons, which promotes the radiative recombination
of the 3D phase and improves the PeLED device efficiency. In
addition, adding long-chain organic spacer cations (e.g,
phenylethylammonium (PEA*) and n-butylammonium
(BA")) to the precursor solution can generate quasi-2D
perovskite structures.”*">° The quasi-2D phase is more
suitable for constructing high-efficiency PeLEDs with two-
dimensional/three-dimensional (2D/3D) heterophased struc-
tures due to its excellent energy-level arrangement and unique
energy cascade transfer channels.””~>* The quasi-2D phase can
significantly improve the EQE of the device, but it will also
lead to the problem of nonuniform phase distribution in the
film. The presence of the n = 1 phase dominated by the
nonradiative recombination process will seriously affect the EL
performance of the device, while the presence of the large n-
phase will lead to the broadening of the spectrum and the
existence of shoulder emission, so it is necessary to reasonably
adjust the distribution of quasi-2D phases in the perovskite
film. It has been demonstrated that the 2D/3D heterojunction
perovskite structure can avoid the problem of low-dimensional
phase distribution to some extent.””** However, there is a lack
of research on the heterophased structure constructed from the
quasi-2D large n-phase and the 3D phase. Especially when no
distinct characteristic quasi-2D small n-phase is observed, it
becomes difficult to prove the existence of the quasi-2D large

n-phase close to the 3D grain size and similar optical
properties.

In this work, we propose a novel short-chain additive,
diethylammonium bromide (DEABr). A quasi-2D large n-
phase is formed in the perovskite film through the reduced-
dimension effect of DEABr, and grain size reduction and close
arrangement are induced, resulting in a dense and pinhole-free
mixed-phase perovskite film. It was found by Kelvin probe
force microscopy (KPFM) characterization that the 2D phase
with low potential on the surface of the film will reduce the
proportion of grain boundary distribution in the film, which
will help reduce the defect density in the film and suppress
nonradiative recombination. In addition, a 2D/3D hetero-
junction structure is constructed between these 2D phases and
3D phases, which will effectively avoid the problems of
spectrum broadening and multi-peaks, and the charge carriers
are constrained in the 3D structure, thus greatly improving the
EQE of the device. Consequently, we fabricated a green
PeLED with a current efficiency (CE) of 30.3 ¢d A™! and an
external quantum efficiency (EQE) of 9.6% with the brightness
of 32,500 ¢d m™2 Our results reveal that controlling the
formation of the 2D phase in the 3D perovskite is helpful to
improving the film morphology and luminescent properties,
and the construction of a 2D/3D heterojunction perovskite
provides a feasible development direction for the realization of
efficient and stable inorganic PeLEDs.

2. EXPERIMENTAL SECTION

2.1. Materials. DEABr, PEDOT:PSS (Clevios Al 4083), and TPBi
were purchased from Xi'an Polymer Light Technology Corp. Lead
bromide (PbBr,) was purchased from Liaoning Preferred New Energy
Technology Company, and cesium bromide (CsBr) was purchased
from Kanto Chemical Co. Ltd. Ethanolamine (EA) was purchased
from Sigma-Aldrich. All materials were used directly without further
purification.

2.2. Preparation of Perovskite Precursor Solution. The
CsPbBr; precursor solution was prepared by simultaneously
dissolving CsBr (65 mg/mL), PbBr, (80 mg/mL), and DEABr (0,
9,11, and 13 mg/mL) in DMSO and stirred at 40 °C for 12 h. In this
experiment, perovskite films were prepared by the spin-coating
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Figure 2. Morphology and CPD analysis of suspecting 2D phase grains (a) without and (b) with the DEABr-doped film. Corresponding line

profiles extracted from magnified images of (c) topography and (d) CPD.

method, in a glovebox filled with nitrogen, and 100 L of CsPbBr;
precursor solutions were dropped on the center of the substrate.

2.3. Fabrication of PeLEDs. The ITO electrode before use was
cleaned ultrasonically with acetone, ethanol, and deionized water for
20 min each time and then treated in an ultraviolet ozone
environment for 30 min. EA was dissolved in ethanol at a volume
ratio of 4:20 and added into 1 mL of PEDOT:PSS to produce EA-
PEDOT:PSS, and the content of EA was kept at 0.4 vol %.>>*° The
solution of EA-PEDOT: PSS before use was filtered with 0.22 ym of a
water-based filter head to remove large particles and insoluble
substances. In ambient air, modified EA-PEDOT:PSS was dropped
onto the ITO electrode treated with UV ozone, and HTL was
prepared by rotating coating at a speed of 2500 rpm for 40 s. The
substrate was then placed on a 140 °C hot stage for 15 min. Then, the
substrates were transferred to a glovebox filled with nitrogen to
prepare perovskite films. The perovskite films were obtained by spin-
coating at 4500 rpm for 60 s. Then, the samples were heated at 70 °C
for 10 min to improve the crystallization. TPBi (40 nm), LiF (1 nm),
and Al (100 nm) were successively evaporated in a piece of thermal
evaporation equipment with a vacuum of 1.0 X 10™* Pa. Evaporation
rates were 1, 0.1, and 5 A/s, respectively. The effective area of PeLED
was determined to be 0.08 cm” with an overlap between ITO and Al
electrodes.

2.4. Characterization. The morphology of the CsPbBr; film was
characterized by SEM (Hitachi 4800). The contact potential
difference was analyzed by KPEM with a Shimadzu SPA-9700. The
absorption spectra of CsPbBr; films were measured by a Shimadzu
UV-3101PC. The PL spectra of CsPbBr; films were measured by a
Hitachi F-7000 fluorescence spectrometer. Time-resolved PL spectra
of CsPbBr; films were measured by an Edinburgh FLS920
spectrometer. The XRD patterns of perovskite films were measured
by a Rigaku SmartLab. The current density—voltage curve and the
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luminance—voltage curve of the device were measured using a
Keithley 2611 digital source meter and a luminance meter (Konica-
Minolta LS-110). The EL spectrum of the device was measured by an
optical fiber spectrometer. EQE was calculated based on the
brightness, current, and emission spectrum of the hypothetical
Lambert emission. All tests were carried out in air and without
encapsulation.

3. RESULTS AND DISCUSSION

CsPbBr, films with various concentrations of DEABr (0, 9, 11,
and 13 mg/mL) were fabricated by one-step spin-coating on
EA-PEDOT:PSS, and crystal structural analysis was performed
by X-ray diffraction (XRD), as illustrated in Figure la. The
diffraction peaks at 15.2, 21.5, 30.7, 34.3, and 37.7° can be
assigned to the (100), (110), (200), (201), and (211) planes
of the orthorhombic (Pnma) CsPbBr, crystal, consistent with
previous reports.””** According to the information on the peak
positions and intensity ratios of each diffraction peak in the
comparison chart, it is found that all perovskite films show
almost the same XRD patterns, indicating that the crystal
structure and growth orientation of CsPbBr; are not
significantly affected by the added DEABr. To further
investigate the effect of DEABr on the surface morphology
of the perovskite film, surface morphologies of DEABr-
CsPbBr; films with different concentrations were compared
by overhead scanning electron microscopy (SEM). In Figure
1b, without DEABr doping (0 mg/mL), the surface of the
CsPbBr; film is distributed with loose large grains and a large
number of pinholes, and the film coverage is poor. As shown in

https://doi.org/10.1021/acsami.2c17370
ACS Appl. Mater. Interfaces 2022, 14, 5637456383


https://pubs.acs.org/doi/10.1021/acsami.2c17370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17370?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c17370?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c17370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(a) == ( mg/mL

9 mg/mL
=11 mg/mL
=13 mg/mL

Intensity (a.u.)

e S e,
400 450 500 550 600 650
Wavelength (nm)

30 4 9

251 \
2]
S

0 T T T T
13

9 11
Weight ratio (mg/mL)

(b) == ( mg/mL
9 mg/mL
’;* =11 mg/mL
5: =13 mg/mL
=
2
-
2
e
2
2
<
T T T T T T T
300 400 500 600 700
Wavelength (nm)
(d)]o == ( mg/mL
9 mg/mL
~ 10" =11 mg/mL
= =13 mg/mL
&
£10?
W
=
2
=
[Semi

—_
o
&

104+ T T T T
200 300 400 500
Time (ns)

T
100

Figure 3. Photophysical properties of the DEABr-CsPbBr; thin film. (a) PL, (b) absorption spectra, (c) PLQY value changes, and (d) TRPL decay

curves of the DEABr-CsPbBr; perovskite film with various concentrations.

Figure lc—e, as the concentration of DEABr was changed to 9,
11, and 13 mg/mL, the film surface randomly grew multiple
flat shaded areas. After DEABr doping, we believe that two
distinct perovskite phases grew on the surface of the perovskite
film, a flat low-dimensional (LD) phase and a small-grained 3D
phase (Figure S1). The LD phase of the film may be due to the
formation of a quasi-2D perovskite structure dominated by the
large n-phase under the hydrogen bonding of DEABr. Since
the grain size of the quasi-2D large n-phase perovskite is very
close to that of the 3D phase, the diffraction angles in XRD do
not change significantly. Second, the formation of the quasi-2D
phase may also reduce the crystallization rate and promote the
growth of small-grained perovskites, forming a mixed-phase
perovskite film dominated by small grains. The formation of
the 2D phase suppresses the surface pinholes on the pristine
perovskite film, resulting in a dense and pinhole-free CsPbBr;
film. When the concentration was increased to 13 mg/mlL, the
pinholes on the surface increased again and the membrane
surface coverage decreased. Furthermore, in the statistical
histogram of grain size (Figure S2), when DEABr in the film
was adjusted from 0 to 9 and 11 mg/mL, the average crystal
size of CsPbBr; dramatically decreased from 149 to 90 nm and
to 79 nm, respectively. However, when the doping amount was
adjusted to 13 mg/mL, the average crystal size increased to
107 nm, which indicates that excessive DEABr increases the
formation of large grains and deteriorates the surface
morphology of the perovskite films.

To further understand the mixed distribution of different
crystalline phases on the surface of the perovskite film, Kelvin
probe force microscopy (KPFM) characterization was
performed. The surface topography and contact potential
difference (CPD) spatial maps of the DEABr-CsPbBr; samples

were measured, as shown in Figure 2a,b. In Figure 2b, similar
features to those in the SEM image can be observed, with some
relatively large and flat 2D phase grains randomly distributed
over the entire film surface. As a result, the root-mean-square
(RMS) roughness of the perovskite film decreases from 12.9 to
8.6 nm. Subsequently, in the local amplification images, grains
with the same characteristics were selected for the morphology
and CPD profile, and the corresponding line profiles are
illustrated in Figure 2¢,d. We can find that the topography and
CPD profiles are dissimilar, which ensures that the topographic
features are not correlated with the CPD measurements.” ~*'
In Figure 2c, it can be found that the CPD of the crystal grains
(blue region) in the undoped CsPbBr; film is smaller than that
at the grain boundary (yellow and red regions), and the
difference between the two is about 0.1—0.125 V. In Figure 2d,
in the CsPbBr; sample doped with DEABr, the CPD difference
between flat grains and small grains is about 0.05 V, and the
CPD difference between small grains and grain boundaries is
also 0.1-0.125 V. The CPD map directly reflects the
distribution of the work function difference, and it is obvious
that the main grains in the two films are 3D phase grains, while
the randomly distributed flat grains are 2D phase grains. This
proves that the DEABr-CsPbBr; is a perovskite film with mixed
phase distribution. By comparing the KPFM images of
CsPbBr; samples doped with/without DEABr, it can be
noted that the grain distribution with a low work function
increases on the surface of the film, while the grain boundary
distribution of a high work function decreases. This
phenomenon indicates that DEABr plays an active role in
the passivation of grain boundaries in the perovskite film.
During the film formation, additives hindered the growth of
large grains and formed a perovskite film with a mixed

https://doi.org/10.1021/acsami.2c17370
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Figure 4. Temperature-dependent characteristics of the DEABr-CsPbBr; film. Temperature-dependent PL spectra of the perovskite film (a)
without and (b) with DEABr. (c) Schematic diagram of the quasi-2D perovskite structure based on DEABr. (d) Band alignment of the 2D/3D

heterojunction perovskite structure.

distribution of small grains and flat grains. In conclusion,
doping the DEABr additive will help in the fabrication of
smaller-sized grains and a smoother film surface morphology,
which is beneficial to the charge transport and radiative
recombination of perovskite, which plays a crucial role in
realizing high-efficiency PeLEDs.

In Figure 3a, the relative PL intensity of the film enhances
greatly with the increase of the DEABr concentration, and the
luminescence intensity is the highest when the content is 11
mg/mL. Obviously, the PL of the perovskite film shows a wide
full width at half-maximum (FWHM) and asymmetry. The
existence may be the luminescence phenomenon of two
luminescence peaks’ coexistence. We differentiated the PL
spectra of the film by the Gaussian fitting, yielding Gaussian
peaks at approximately 499 and 515 nm, where the fitting root
mean square R* > 0.998 (Figure S3). At the same time, based
on the Gaussian fitting results, the excitation emission spectra
of the two peaks are tested. The test results show that the two
luminescence peaks come from two different perovskite phases,
which are consistent with the above analysis results. According
to previous reports, the coexistence of multiple luminescence
peaks in the perovskite film is due to the generation of mixed
perovskite phase structures within the film, such as 0D/3D,
2D/3D, and quasi-2D/3D composite perovskite films.**~*
Due to the uneven distribution of the mixed perovskite phase
inside the film, the carriers do not entirely migrate to the
perovskites with a small band gap during the energy transfer

34,46-48 .
process, so the luminescence phenomenon of the
coexistence of the LD phase and the 3D phase appears. In
Figure 3b, with the increase of DEABT, the absorption peak in

the absorption curve gradually decreases. There is no obvious
absorption peak of the LD phase in the absorption curve, that
is, the absorption peak of the quasi-two-dimensional small n-
phase and the 0D phase. Therefore, we speculate that a quasi-
2D large n-phase with similar absorption properties to the 3D
phase may be formed, resulting in the weakening of the
absorption peak.

To understand the carrier dynamics in the perovskite film,
PLQY and TRPL spectra of perovskite films were also
investigated. In Figure 3c, the PLQY values of the films with
various doping concentrations correspond to 4.01, 16.9, 30.94,
and 21.37%. In Figure 3e, the carrier lifetime of the doped film
is significantly prolonged and reaches the longest value with
the DEABr doping ratio of 11 mg/mL. The average PL
lifetimes of DEABr-CsPbBr; doped with different concen-
trations are calculated to be 20.02, 36.77, 38.82, and 29.04 ns
(Table S1). To further understand the effect of DEABr on
defect suppression, the nonradiative recombination rates of
films with different doping concentrations were calculated. The
radiative and nonradiative recombination rates can be
calculated from the average PL lifetime 7,,, and PLQY

S
kr + knr (1)
PLQY = L
B kl’ + knr (2)
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Figure S. (a) Cross-sectional SEM image and schematic diagram of the structure of the DEABr-CsPbBr; PeLED. (b) Energy band diagram of the
PeLED. (c) J-V-L, (d) CE—J, and (e) EQE—] of the PeLEDs with various doping concentrations of DEABr. (f) EL spectra of devices with
various doping concentrations at an operating voltage of 4.0 V. (Inset: a photo of the best PeLED at 4.0 V applied voltage).

where k, and k, represent radiative and nonradiative
recombination rates, respectively. Thus, the nonradiative
recombination rate can be deduced as

_1-PLQY
Tavg (3)

It can be seen from the formula that the nonradiative
recombination rate of the film is negatively related to PLQY
and inversely proportional to 7, Therefore, films with a
higher PLQY and longer average PL lifetimes exhibit lower
nonradiative recombination rates. According to the formula
calculation, the nonradiative recombination rates of 0, 9, 11,
and 13 mg/mL DEABr-CsPbBr; films are 4.79 X 107, 2.26 X
107, 1.78 X 107, and 2.71 X 107 57}, respectively. When the
doping concentration is 11 mg/mL, the calculated nonradiative
recombination rate is the lowest, indicating that it has the
strongest inhibitory effect on nonradiative recombination.

k

nr

To estimate the trap density in the DEABr-CsPbBr; film
under different conditions, we fabricated hole-only devices
using the device structure of ITO/EA-PEDOT:PSS/perov-
skite/MoO,/Ag (Figure S4). Based on the current density—
voltage characteristics of hole-only devices, a space-charge-
limited current (SCLC) analysis was performed.” Comparing
the trap filling limiting voltage (Vg ) of DEABr samples with
different concentrations, the Vg values of 0, 9, 11, and 13
mg/mL were 0.25, 0.23, 0.20, and 0.26 V, respectively. It can
be found that when the concentration of DEABr is adjusted to
11 mg/mL, the trap density of the perovskite film reaches the
lowest level, and an appropriate amount of DEABr doping can
effectively reduce the trap states in the perovskite film, which
can be used to prepare efficient and stable PeLEDs. The
excellent optical properties of the DEABr-CsPbBr; film
originate from the formation of small grains and the existence
of a mixed-phase perovskite structure, which can effectively
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Table 1. Electrical Output Characteristics of All-Inorganic PeLEDs Doped with Different Concentrations of DEABr

DEABr (mg/mL) Vo, (V) max. L (cd m™?)
0 2.62 17,000
9 2.49 30,000
11 246 32,500
13 2.51 25,000

CE (cd A™Y) EQE (%) CIE
8.1 2.6 (0.103,0.745)
22.5 6.9 (0.075,0.774)
30.3 9.6 (0.079,0.751)
24.6 8.1 (0.101,0.717)

generate excitons and sterically confine their diffusion, reduce
defect states, and enhance the radiative recombination
efficiency of the perovskite film. Through the characterization
of optical properties, it is proved that the doping performance
of 11 mg/mL DEABr is the optimal concentration, and the
fabricated perovskite film gets the best optical performance.

To reveal the excitonic properties in the perovskite film after
DEABr doping, we tested the temperature-dependent PL
spectra. The temperature-dependent steady-state PL spectra of
perovskites of 0 and 11 mg/mL DEABr-CsPbBr; are shown in
Figure 4a,b. When the temperature is gradually increased from
60 to 300 K, the corresponding PL intensity gradually
decreases, which is attributed to the thermal quenching of
the PL emission. The perovskites on the EA-PEDOT:PSS
substrate both exhibit multiple luminescence peaks, of which
the two distinguishable peaks are located at 417 and 447 nm,
which correspond to the n = 2 and 3 low-dimensional phases,
respectively. This may be the low-dimensional phase
luminescence caused by the interaction between EA and the
perovskite at the contact interface,*” but it can be completely
quenched when the temperature reaches above 180 K. After
the addition of DEABr, the luminescence of the 2D structure
was not completely quenched by the increase of temperature
but overlapped with the luminescence of the 3D structure to
form a broad PL spectrum. Because the luminescence peaks of
the 2D and 3D phases are highly overlapping, it is difficult to
dissociate them and calculate the exciton binding energy.

It is well known that hydrogen bonding occurs between the
ammonium ion (NH;") in the organic ammonium bromide
and the Br  on the inorganic octahedra. Therefore, we
speculate that controlled size and structural growth of
perovskites are related to doped imino units (~NH-).>""'
According to the literature, the radius of the DEA" cation is
larger than that of organic A-site cations (such as the
ethylammonium ion (EA*), dimethylammonium ion
(DMA), etc.),””™ so we believe that DEA* is difficult to
dope into 3D perovskite crystals. Considering that the ability
of imino groups in DEA* to act as hydrogen-bond donors is
weaker than that of amine groups,54 it is difficult to form an
obvious low-dimensional phase signal like PEA* and BA", but a
quasi-2D large n-phase structure close to 3D will be formed.
This is consistent with the analysis of the structural and optical
properties of the DEABr-CsPbBr; film. Figure 4c shows a
schematic diagram of the DEABr-based quasi-2D perovskite
structure. Doping of DEABr can provide a halogen-rich
environment and hydrogen bonding with the halogen to
reduce a large number of vacancy traps (uncoordinated lead
ions and halogen vacancies) in the perovskite film, thereby
improving the optical properties. Second, DEABr effectively
restrained the growth of 3D grains while forming a low-
dimensional structure, inducing the close arrangement of 2D
and 3D grains on the perovskite surface. Through this close
arrangement, a 2D/3D heterojunction structure is formed in
the perovskite film, which promotes the charge carriers to be
confined in the 3D structure by the 2D structure during the

electroluminescence process, as shown in Figure 4d. This 2D/
3D heterojunction structure effectively improves the radiative
recombination efliciency of injected carriers and solves the
spectral broadening and shoulder emission problems caused by
the quasi-2D large n-phase.

To further verify the effect of the 2D/3D heterojunction
structure on device performance, PeLED devices with a
multilayer structure of glass/ITO/EA-PEDOT:PSS/DEAB:-
CsPbBr;/TPBi/LiF/Al were fabricated, and the cross-sectional
SEM of the device structure is shown in Figure Sa. The energy-
level distribution map corresponding to the multilayer
structure of the device is shown in Figure Sb, and the
energy-level values are derived from previous reports.”” In
Figure Sc—e, the current density—voltage—luminance (J—V—
L), current efficiency—current density (CE—J), and external
quantum efficiency—current density (EQE—]) characteristics
of four devices with different doping qualities are shown. Table
1 summarizes the different concentrations’ device performance
of DEABr. The optimal device is a PeLED doped with an 11
mg/mL DEABr-CsPbBr; film. The turn-on voltage, maximum
brightness, current efliciency, and EQE of the device are 2.46
V, 32500 cd m™2, 30.3 cd A™}, and 9.6%, respectively. In Figure
Sf, the electroluminescence (EL) spectra of devices with
different doping concentrations at the maximum EQE are
shown, and the inset is a photo of the device in operation. We
can find that the EL spectrum of the CsPbBr; device is not
significantly changed after doping with DEABr, and the
luminescence peak positions and half-peak width of the
devices with and without doping are basically the same.
Compared with the PL of the corresponding perovskite film,
the 2D phase in the film does not directly participate in the
electroluminescence process. The 2D/3D heterojunction
structure constructed in the perovskite film effectively solves
the problem of 2D phase emission, and the EL of PeLED is
still a single 3D phase emission. The optimal DEABr-CsPbBr;
device exhibits excellent electroluminescence stability at
different operating voltages and excellent device repeatability
(Figure SS). The optimized PeLED emits green light with the
International Commission on Illumination (CIE) coordinates
of (0.079,0.751). These results indicate that the enhanced
luminescence performance of the perovskite is mainly
attributed to the optimization of the CsPbBr; thin-film
morphology and the constructed 2D/3D heterojunction
structure. The effect of the low-dimensional phase in the film
on defect passivation and carrier confinement significantly
improves the radiative recombination efficiency of the 3D
phase, thereby enhancing the electroluminescence perform-
ance of PeLEDs.

4. CONCLUSIONS

In conclusion, we report a work utilizing quasi-2D large n-
phases to construct 2D/3D heterojunction perovskite
structures. By adding DEABr to the precursor solution, 2D
grains with a low potential can be self-assembled and the
growth of small-sized 3D grains can be controlled, which
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significantly improves the surface morphology of the film. At
the same time, a 2D/3D heterojunction structure is formed in
the film, which effectively solves the problems of spectral
broadening and multimodal emission by optimizing the energy
band arrangement to affect the carrier transport. The current
efficiency and EQE of the PeLED fabricated from the DEABr-
CsPbBr; film were 30.3 cd A™' and 9.6%, respectively, which
are significantly improved compared to the pure CsPbBr;-
based device. This work provides a simple and effective
strategy to control the 2D/3D mixture morphology and has
important guiding significance for further accurate control of
2D/3D structures.
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