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Highly bright perovskite light-emitting diodes
based on quasi-2D perovskite film through
synergetic solvent engineering

Huanxin Yue,?® Dandan Song,*@* Suling Zhao, 22° Zheng Xu,?® Bo Qiao, &
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Recently, quasi-two dimensional (2D) perovskites have attracted great interest as they can be facilely
fabricated and yield high photoluminescence quantum yield. However, the luminance and the efficiency
of perovskite light-emitting diodes (PeLEDs) based on quasi-2D perovskites are limited by the carrier
transport and the crystallization properties of the quasi-2D perovskite films. Herein, a synergetic solvent
engineering approach is proposed to improve the crystallinity and the carrier transport by optimizing the
film morphology of the quasi-2D perovskite films. Consequently, the maximum luminance of green
PeLEDs based on quasi-2D PEA, (MAPbBr3),PbBr, perovskite is dramatically enhanced from 4000 cd
m™2 to 18 000 cd m~2 and the current efficiency increases from 3.40 cd A~* to 8.74 cd A~ This work
provides a promising way to control the morphology and the crystallinity properties of quasi-2D
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Introduction

Organic-inorganic halide perovskites have attracted much
attention due to their high color purity and low-cost solution
processability. In 2014, the first strong room-temperature elec-
troluminescence in perovskite light-emitting diodes (PeLEDs)
was demonstrated by Tan et al.* Subsequently, various research
methods have been used to improve the efficiency of PeLEDs.>”®
Up to now, a maximum external quantum efficiency (EQE) of up
to 20.3% was achieved based on three-dimensional (3D)
PeLEDs." Meanwhile, quasi-two-dimensional (quasi-2D) green
PeLEDs, in which the quasi-2D perovskite has the molecular
formula PEA,(FAPDbBr;), ; PbBr, (with n = 3), with current
efficiency (CE) of 62.4 cd A~ and EQE of 14.36% were achieved,
which is the highest current efficiency for quasi-2D PeLEDs
reported so far.'* The quasi-2D perovskites possess better
stability potential than their conventional 3D counterparts, and
thus are potential candidates for highly efficient and stable
luminescent materials."*"** Though the PeLEDs based on quasi-
2D perovskites possess high efficiency, the luminance is typi-
cally low*'® (<10 000 cd m™> for the most efficient PeLEDs
based on quasi-2D perovskites'!). The low luminance can be
ascribed to the severe carrier recombination and inefficient
carrier transport inside the solution processed thin films of
quasi-2D perovskites. The grain size of the quasi-2D perovskites
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perovskite films for high-performance optoelectronic devices.

is required to be small to confine the carriers (excitons), and
hence, the carrier recombination inside the grains and near the
grain boundaries are much obvious. Meanwhile, due to the
small grain size and the insulate nature of the organic spacer
cations, carrier transport is limited in the perovskite film."”
Therefore, in order to enhance the device luminance, it is crit-
ical to control the crystallization process of the quasi-2D
perovskite grains during film fabrication, aiming to minimize
the carrier recombination and simultaneously enhances the
carrier transport governed by the crystallization quality and
grain size of the quasi-2D perovskite.

In terms of controlling the crystallinity of the perovskite film,
various approaches have been developed, among which the
solvent engineering is proved to be quite efficient.’**” In the
field of 3D perovskite materials and their application in solar
cells, it is well demonstrated that both the solvent for dissolving
the precursors of the perovskite material (abbreviated as the
dissolving solvent hereafter) and the anti-solvent dipped during
the spin-coating process (abbreviated as the anti-solvent here-
after) greatly affect the crystallization process of the perovskite
grains. For example, it is shown that the dissolving solvent
dimethyl sulfoxide (DMSO) impedes the crystallization of Pbl,
and MAPDI; leading to the formation of much smaller perov-
skite grains compared with the solvent dimethyl form amide
(DMF).*® To adjust the crystallization process through utilizing
the differences of the dissolving solvents, mixed dissolving
solvents are also proposed. For example, a recent study shows
that DMF/DMSO mixed dissolving solvents can obtain high
quality perovskite films with uniform morphology, enhanced
crystallinity, and efficient carrier transport, leading to the
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enhanced power conversion efficiency (PCE) of the perovskite
solar cells (PSCs) by 10%.>° Besides, the anti-solvent chloro-
benzene (CB) can greatly enhances the crystallization of the
perovskite, favoring the formation of large grains and dense
film, which becomes a commonly used anti-solvent in both
PSCs and PeLEDs.***' In PeLEDs, DMSO is typically used as the
dissolving solvent to enable the formation of small grains and
CB is also used as anti-solvent to prepare dense film. Attempts
to modify the solvent and the anti-solvent are also made to
improve the device performance of the PeLEDs. Solvent engi-
neering, especially simultaneously modifying the dissolving
solvent and the anti-solvent, in preparing the perovskite films
for highly bright and efficient PeLEDs is still essential.

In this work, a strategy to control the crystallization process
and the resultant properties of the quasi-2D perovskite film is
demonstrated by simultaneously modifying the dissolving
solvent and the anti-solvent. The quasi-2D PeLEDs based on
PEA, (MAPDbBr3), ; PbBr, with n = 3 composition are used as
the emitting layer. The dissolving solvent, DMSO, and the anti-
solvent, CB, are simultaneously modified by DMF to control the
crystallization of the perovskite film and the resultant perfor-
mance. As a result, the maximum luminance of green PeLEDs is
dramatically enhanced from 4000 cd m™ > to 18 000 cd m > and
the current efficiency increase from 3.40 cd A~ to 8.74 cd A",
Our methods pave the way for further development of high-
quality quasi-2D perovskite films for efficient PeLEDs devices.

Experimental

The PeLEDs have the architecture of ITO/PEDOT:PSS/
perovskite/TPBi/LiF/Al. The pre-cleaned indium-tin oxide (ITO)
glass substrates were treated using UV-ozone for 10 min. The
poly(3,4-ethylenedioxythiophene):poly  (styrene  sulfonate)
(PEDOT:PSS) as hole transport layer (HTL) was spin-coated onto
the ITO substrates at 2000 rpm for 40 s, then they were dried at
150 °C for 10 min in air. Then the substrates were transferred
into glove box filled with nitrogen. The perovskite precursor
solution was prepared by dissolving lead bromine (PbBr,),
methylammonium bromine (MABr), phenylethyl ammonium
bromide (PEABr) and methylammonium chloride (MACI) (in
a molar ratio of 0.6 : 0.4 : 0.4 : 0.06) in different volume ratio of
DMF and DMSO mixed solvents with a concentration of 0.4 M.
Then perovskite solution was spin-coated onto PEDOT:PSS at
3000 rpm for 120 s, and during the spin-coating stage, 200 pl of
CB or CB + 10 vol% DMF anti-solvent was dipped, followed by
annealing on a hot plate at 90 °C for 30 min. Finally, the stacks
of TPBi (40 nm)/LiF (1 nm)/Al (100 nm) were thermally depos-
ited in sequence in a vacuum chamber at a base pressure <5 X
10~ Pa through a shadow mask. The device area is defined by
the overlap of the Al and ITO electrodes which is 9 mm®.

ITO glasses with a sheet resistance of 15 Q sq ' were
purchased from Huanan Xiang cheng Technology Co., Ltd.
PEDOT:PSS (AI 4083) was purchased from Clevios. PbBr,, MACI
and 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimid-
azole) (TPBi) were purchased from Xi'an Polymer Light Tech-
nology Corp. MABr and PEABr were purchased from Dyesol.
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Scanning electron microscope (SEM) measurements were
performed by a Hitachi 4800. X-ray diffraction (XRD) patterns
were collected with a D/max 2200 V X-ray powder diffractometer
with Cu Ko radiation (A = 1.540 A). The current density-voltage-
luminance (J-V-L) characteristics and electroluminescence (EL)
spectra of the PeLEDs were measured on a Keithley 2400 source
meter combined with a Newport 1830-R optical power meters
equipped with 918D calibrated photodiode. The steady-state
photoluminescence (PL) emission spectra were recorded on
a Hitachi F4500 fluorescence spectrophotometer with a Xe lamp
coupled to a monochromator. All measurements were carried
out at room temperature under ambient atmosphere.

Results and discussions

Fig. 1 shows a schematic illustration for the effects of the
solvents on the crystallization processes and the resultant
morphology of the quasi-2D perovskite films. DMSO yields
a much slower crystallization process (less nuclei formation
before dipping the anti-solvent) than DMF solvent (more nuclei
formation before dipping the anti-solvent) due to its large
polarity for dissolving the perovskite precursors and high
boiling temperature. Therefore, the crystallization process can
be tuned by modifying the ratio of DMSO/DMF in the precursor
solution. CB excludes the dissolving solvent and thus acceler-
ates the crystallization of the perovskite film, leading to the
formation of large grains through the fast inhomogeneous
growth from the perovskite nuclei. Introducing DMF in CB
dilutes CB in the precursor solvent and will lower the crystalli-
zation process. Hence, the crystallization of the perovskite film
is adjusted by simultaneously adjusting the dissolving and anti-
solvents.

The morphology features of the perovskite films employing
different solvent recipes were characterized by SEM, and the
images are shown in Fig. 2. The standard film, fabricated from
pure DMSO solvent and pure CB anti-solvent, shows a porous
surface with grains smaller than 100 nm (Fig. 2a). With the
addition of DMF (10 vol%) in CB anti-solvent, the perovskite
film (Fig. 2b) shows less porous surface and obviously smaller
grains compared to the standard perovskite film. These changes
can be ascribed to the modification in the crystallization
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DMSO
Slow crystallization Porous film
with large grains

e
stallization

Fast CrY
Moderate Crystallization

Less porous film with

CB+DME small grains
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Fig. 1 Schematic illustration for the effects of the solvents on the
crystallization processes and the resultant morphology of the quasi-
2D perovskite films.
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Fig.2 SEM images of quasi-2D perovskite films fabricated from different solvent recipes. (a) DMF/DMSO (0 : 10) + CB, (b) DMF/DMSO (0 : 10) +
CB/DMF, (c) DMF/DMSO (1 : 9) + CB/DMF, (d) DMF/DMSO (3 : 7) + CB, (e) DMF/DMSO (4 : 6) + CB, (f) DMF/DMSO (7 : 3) + CB/DMF. All of the

ratios are volume ratios.

process of the perovskite film by DMF, which lowers the crys-
tallization rate and favors the formation of less porous film with
smaller grains. By adjusting the ratio of DMF in the DMSO
dissolving solvent, it can be seen that the perovskite film
becomes more and more compact with increasing the DMF
content (Fig. 2c—f). The addition of DMF in DMSO enhances the
initial nuclei formation in the perovskite film, and hence, in the
grain growth process by dipping the anti-solvent, the grains are
more compactly grown.

The crystallinity of the perovskite films was characterized by
XRD measurement, and the XRD patterns are shown in Fig. 3a.
Four characteristic peaks at 14.95°, 21.38°, 30.20°and 35.26°,
assigned to (100), (110), (200) and (210) crystal planes of the
quasi-2D perovskite respectively, can be clearly observed in all
of the perovskite films. Previous report has proved that all
quasi-2D perovskite films contain both 3D and quasi-2D
perovskite crystals by conducting grazing-incidence X-ray
diffraction (GI-XRD)." All the XRD patterns of our perovskite
films show the diffraction peaks around 14.95°, which is
attributed to the diffraction peak of (100) plane of the 3D
perovskite MAPbBr;. These observations are similar to the
conditions of perovskite films in previous reports.***> The full

width at half maximum (FWHM) of the main diffraction peak
(14.95°) increase from 0.66° to 0.81° by introducing DMF in
dissolving solvent, revealing the decreased grain size in these
films, which is consistent with the SEM observations. The
relative diffraction intensity is much stronger in the perovskite
films with DMF in both dissolving solvent and anti-solvent,
partially reflecting the enhanced crystallinity in these films.
The UV-vis absorbance and PL spectra of the quasi-2D
perovskite films were also analyzed and are shown in Fig. 3b
and c. As shown in Fig. 3b, the absorption edges are similar for
all the perovskite films, which are around 530 nm. Three
obvious absorption peaks appear around 400 nm, 431 nm and
450 nm, which also implies that the films consist of quasi-2D
perovskite crystals.’* The PL spectra of the corresponding
quasi-2D perovskite films exhibit red-shift by introducing DMF
in anti-solvent. It is attributed to the decreased crystalline
domain sizes of quasi-2D perovskite films with more defect
states at grain boundaries. The grain size is relatively large and
do not cause quantum confinement effects. Huang et al. have
reported that the emission from the spontaneous radiative
recombination between the trap states, which shows
a redshifted emission peak compared with that from the band

Mﬂm (110)
A mfﬂx{soum)wnmwm
J A DME/DMSO(3:7)+CBIDMF

DMFE/DMSO(0:10)+CB

(20y) DMF/DMSO(7:3)+CB/DMF
L_flw)

XRD Intensity(a.u.)
Absorbance (a.u.)

= DMF/DMSO0(0:10)+CB
~——DMF/DMSO(0:10)+CB/DMF
~———DMF/DMSO(1:9)+CB/DMF
———DMF/DMSO(3:7)+CB/DMF
= DMF/DMSO(4:6)+CB/DMF
~———DMF/DMSO(7:3)+CB/DMF

— DMEDMSO{0:10)HCB

(©)

Normalized PL intensity (a.n.)

300 400

10 15 20 25 30 35 40 45 50
20 degree

Fig. 3
and dissolving solvents.

This journal is © The Royal Society of Chemistry 2019

T
500

Wavelength (nm)

600 700 800 "480 500 520 540 560
‘Wavelength (nm)

(a) X-ray diffraction patterns, (b) the absorption spectra, and (c) the PL spectra of perovskite films prepared by using different anti-solvents
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edge transition.*® Fig. 3c displays that the PL spectra is blue-
shift with the rate of DMF/DMSO increasing, which is due to
the reduced defect states by the enhanced crystallinity through
introducing DMF in dissolving solvent.

The enhanced crystallinity and the compact film with
smaller grains formed by introducing DMF in anti-solvent solely
or also in dissolving solvent is benefit for increasing the carrier
transport and confining the excitons inside the grains, which
will lead to high performance PeLEDs. The schematic structure
of the PeLEDs is shown in Fig. 4a, which employs PEDOT:PSS as
the HTL and TPBi as the ETL. The corresponding energy level
diagram is also shown in Fig. 4b. The EL spectra of the PeLEDs
are shown in Fig. 4c. It is clear that the change of the peak
locations of the EL spectra is similar to that of the PL spectra, as
also summarized in Table 1. The standard PeLEDs (without
solvent engineering for preparing perovskite film, ie., with
pristine DMSO as the dissolving solvent and pristine CB as the
anti-solvent) shows the EL peak at 514 nm while the addition of
DMF in CB anti-solvent shifts the EL peak to the long wave-
length. The addition of DMF in DMSO makes the EL peak blue-
shifting. These EL emission are all from the perovskite films,
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illustrating that the emission is confined in the perovskite
emission layer (EML).

Fig. 4d and e shows the J-V-L curves and the current effi-
ciency versus current density (CE-J) curves, respectively, of the
PeLEDs fabricated from different solvent recipes. The detailed
device parameters are summarized in Table 1. It can be seen
that the standard PeLED shows a maximum luminance (L,ax) of
4005 cd m~> and a maximum CE (CEp,,) of 3.40 cd A", It shall
be mentioned that other preparation parameters of the perov-
skite film including the thickness, the precursor concentration/
composition, the dipping procedure of the anti-solvent and the
post-annealing temperature/time were already optimized in the
standard PeLEDs. By introducing DMF in CB anti-solvent, the
PeLEDs shows obviously increased current density, luminance
and CE, leading to a Ly,ax of 18 000 cd m 2 and a CE . of 5.45
cd A'. The luminance is greatly improved by solvent engi-
neering method, which value is higher than the typically re-
ported values from PeLEDs based on quasi-2D perovskite
(around @ cd m™?). The current density, the luminance and the
CE of the PeLEDs are determined by the following equations

J=Je+J,=Jn + J.

1.2
~_~ e DMF/DMSO(U:10)+CB
=. (c) s DME/DMSO(0:10)+CB/DMF
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Fig. 4 Perovskite light-emitting diodes structure and electroluminescence. (a) Device architecture employed in this work, (b) band alignment of
each function layer in the devices, (c) typical electroluminescence spectra of different perovskite LEDs under 5 voltage bias, (d) device
performance of perovskite LEDs with different anti-solvent J-V-L, (e) CE versus voltage (CE-V) curves.
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Table 1 Device performance of the PeLEDs fabricated from different solvent recipes

Solvent recipe PL peaks EL peaks Limax (cd m™?) CEpax (MA cm™?)
DMF/DMSO (0 : 10) + CB 517 514 4000 3.40
DMF/DMSO (0 : 10) + CB/DMF 524 520 18 000 5.45
DMF/DMSO (1 : 9) + CB/DMF 525 520 18 000 5.87
DMF/DMSO (3 : 7) + CB/DMF 523 518 16 200 8.74
DMF/DMSO (4 : 6) + CB/DMF 522 518 14 214 7.79
DMF/DMSO (7 : 3) + CB/DMF 520 516 10 502 6.72

L « Rnp < RJ.Jy

L

CE = 7
where J. (Jn),J. (J1,), n(p) and R represent for the electron (hole)
current density, the leaked electron (hole) current, the electron
(hole) concentration in the EML and the bimolecular radiative
recombination rate, respectively. Hence, the simultaneously
increased current density and luminance by introducing DMF
in CB anti-solvent implies higher electron and/or hole current
in the corresponding PeLEDs. As the injection energy barrier
has not been changed, the increased carrier current indicates
the enhanced carrier transport inside the perovskite film, which
can be well explained by the reduced porosity by introducing
DMF in CB anti-solvent (Fig. 1). Moreover, the increased CE can
also be partially ascribed to the reduced porosity, which reduces
the leakage current and thus favors high CE. Meanwhile, the
exciton confining, enabled by the smaller grains in the perov-
skite film fabricated with DMF in CB anti-solvent, is beneficial
to increase R, which may also partially explain the increased CE
of the PeLEDs fabricated with DMF in CB anti-solvent

(compared to the standard PeLEDs).

By introducing DMF in DMSO solvent, the CE is further
increased. As can be seen from Fig. 4d and e with increasing the
DMF/DMSO ratio, the current density and luminance firstly
increases with the addition of DMF in DMSO solvent, and then
decreases. The CE displays the similar trend, which achieves the
best for the condition of DMF/DMSO with a ratio of 3:7
(vol : vol). These trends can be explained by the trade-offs
between the carrier transport and the carrier injection
induced by the morphology and crystallinity of the perovskite
film. The improved compact feature and the enhanced crystal-
linity of the perovskite films with increasing the DMF/DMSO
ratio enhance the carrier transport and reduce the leakage
current, leading to increased current density/luminance/CE; but
meanwhile, they also lead to reduced carrier injection from the
ETL to the perovskite due to the minimized carrier injection
interface by the compact film, leading to lowered current
density/luminance/CE.

The highest CE obtained from the PeLEDs with solvent
engineering is 8.74 cd A~ ', which is more than 2.5 times higher
than that of the standard PeLEDs without solvent engineering.
The maximum luminance obtained the PeLEDs with solvent

This journal is © The Royal Society of Chemistry 2019

engineering is 18 000 cd m™>, which is 4.5 times higher than

that of the standard PeLEDs. These improvements demonstrate
the efficacy of the synergetic solvent engineering in optimize the
device performance. In addition, the efficiency roll-off of the
PeLEDs is also suppressed by solvent engineering, which
enables the PeLEDs working at high luminance with much
higher efficiency.

Conclusion

In conclusion, we propose the synergistic solvent engineering
strategy, ie., simultaneously modifying the dissolving solvent
and the anti-solvent, to improve the crystallinity and the carrier
transport of the quasi-2D perovskite films for bright PeLEDs.
The PeLEDs based on the quasi-2D perovskite films with solvent
engineering exhibit a high luminance of 18 000 cd m™2 and
a CE of 8.74 cd A™', which are 4.5 and 2.5 times higher than the
standard PeLEDs. This work demonstrates the efficacy and the
principle of the synergistic solvent engineering strategy in
optimizing the device performance, and also provides a prom-
ising way to control the morphology and the crystallinity
properties of quasi-2D perovskite films for high-performance
optoelectronic devices.
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