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Formation of a non-emissive wide bandgap CsPb,Brs component often accompanies the synthesis of
CsPbBrz perovskites, introducing undesired energy states and impeding the charge transport. Here, we
demonstrate that a small amount of a methanol additive can promote the CsBr release rate, facilitating
CsPbBrs formation and suppressing CsPb,Brs formation. Some of the methanol ionizes into CHsO* and

CHsO™, which act as surface ligands and change the crystallization environment, inducing shape
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Introduction

Metal halide semiconductors with a perovskite crystal structure
are famous for their excellent electrical and optical proper-
ties.’ Showing high photoluminescence (PL) quantum yields
(QYs),*” an optimal range of band gap energy values and high
defect tolerance,®™ the perovskite nanomaterials hold great
promise for solar cell,” photodetector,* laser,**** light-emitting
diode (LED) and display applications.’*** Being free from the
organic component, the all inorganic CsPbX; (X~ stands for
halide ions) perovskites are compositionally stable up to their
melting points which are in excess of 460 °C,*" and thus have
attracted enormous interest.

Different from traditional covalent semiconductor nano-
crystals (NCs), whose synthesis requires a high temperature to
decompose the precursor,*>** perovskite NCs can be synthe-
sized at room temperature via a ligand assisted reprecipitation
(LARP) approach,***” which is due to its ionic nature.*®** By
controlling the surface ligands, reaction temperature and
additives, several shape variations of perovskite nanomaterials
have been achieved, including NCs, nanorods, nanowires, and
nanoplatelets (NPLs).*** However, taking CsPbBr; as an
example, even though the Cs: Pb : Br ratio is set precisely to
1:1:3 in the precursor, the final products are always
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yield reaching 90% were employed as emitters for electroluminescent light-emitting devices.

accompanied by CsPb,Br; impurities, which are known as non-
emissive wide bandgap components.”* These impurities
introduce undesired energy states and act as charge blockers,
decreasing the charge mobility.*® We propose the nonuniform
precursor release rate to be the main cause of the formation of
CsPb,Brs byproducts, and this general idea is demonstrated
here. The CsBr release rate was controlled by introducing trace
amounts of methanol into the LARP approach. With 600 uL of
the methanol additive, the byproduct CsPb,Brs disappeared
and monodispersed 8 unit-cell-thick CsPbBr; NPLs were ob-
tained. With the help of oleic acid (OA) and oleylamine (OLA),
the methanol was partly ionized into CH;0" and CH;0 ™, which
partially replaced OA and/or OLA surface ligands, inducing the
formation of rectangular NPLs. Bright CsPbBr; NPLs with
a photoluminescence quantum yield (PL QY) reaching 90%
were employed as emitters for electroluminescent light-
emitting devices, with a peak luminance of 8347 cd m~* and
current efficiency of 13.2 cd A™".

Results and discussion

The synthesis of CsPbBr; NPLs can be divided into three steps,
as shown in Scheme 1. First, the precursor solution was
prepared by mixing 0.4 mmol CsBr, 0.4 mmol PbBr,, 0.5 mL
OLA, and 1 mL OA in 10 mL DMF (dimethylformamide, the
“good solvent”). Then, x uL (0 =< x = 800) methanol was added
into 10 mL toluene, namely the “bad solvent”. Finally, 1 mL of
the precursor solution was injected into 10 mL of the “bad
solvent” to trigger supersaturation. The UV-vis absorption and
PL spectra of the as-synthesized CsPbBr; are shown in Fig. 1a
and b, respectively. The absorption spectra gradually red-shift
as the amount of methanol added increases from 0 to 800 uL,
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Scheme 1 Schematic representation of the synthesis of the CsPbBrs
NPLs by a modified LARP approach.
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Fig. 1 (a) UV-vis absorption spectra, (b) PL spectra, and (c) XRD
patterns of CsPbBrs NCs synthesized using the LARP method; the
numbers in the frame are the volume of methanol added into toluene.
The line XRD pattern in blue shows peaks for the CsPb,Brs phase, and
the one in green shows peaks for the orthorhombic CsPbBrs phase.

and the corresponding PL peaks red-shift from 460 to 507 nm.
There are additional shoulders in the PL spectra for samples
with 0 and 200 pL methanol, indicating that the finally products
of these two samples contain several different fluorescence
centers. When the amount of added methanol reaches 400 pL,
the PL spectrum follows a Gaussian peak shape and the emis-
sion bandwidth decreases to 30 nm, which is consistent with
typical CsPbBr; emission, demonstrating that a mono fluores-
cence center exists in the sample.>* In addition, the absolute PL
QY of CsPbBr; without methanol is 50%, while it increases to
90% when 600 pL methanol is introduced. The above optical
characterization results demonstrate that a suitable amount of
the methanol additive can help to purify the final product and
improve the PL properties.

Determining the kind of impurities that have been inhibited
from appearing via introducing methanol is the basis for
understanding the mechanism of the methanol assisted LARP
approach. X-Ray diffraction (XRD) characterization was used to
address this issue. Since the PL started follow the characteris-
tics of typical CsPbBr; emission when the amount of methanol
additive used was increased to 400 pL, this sample at the
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turning point was chosen to be compared with the products
obtained without using methanol. As shown in Fig. 1c, an
impurity CsPb,Brs phase can be recognized besides the desired
CsPbBr; component in the product without methanol, while
this impurity disappears and pure CsPbBr; can be obtained in
the sample after 400 pL methanol is added. The chemical
reactions involved are given as follows:

Cs* + 2Pb®* + 5Br~ — CsPb,Brs (1)
Cs" + Pb?" + 3Br~ — CsPbBr; (2)

As shown, when the elemental ratio of Cs : Pb : Br is equal to
1:2: 5, the final product is CsPb,Br5, while when the elemental
ratio of Cs:Pb:Br is equal to 2:2:6, the final product
changes to CsPbBr;. Clearly, more Cs” and Br~ ions are needed
to form CsPbBr; instead of CsPb,Brs. CsBr easily dissolves in
methanol to form a high concentration solution of 15 mg mL ™,
and PbBr, is insoluble in methanol, implying that methanol
mainly influences the release of Cs" and Br—.*® On comparing
this with our experimental results, it can be seen that without
methanol there will be excessive Pb** ions which leads to
CsPb,Br; and CsPbBr; NCs with Pb-rich surfaces, and after
introducing the methanol additive there will be more Cs™ and
Br~ ions which favours the formation of CsPbBr; NCs with more
Br~ ions on the surfaces. Since lead rich surfaces have lots of
electron traps while PbBr-terminated surfaces are known for
fewer surface traps,” we can deduce that the PL QY increase of
NCs with the methanol additive benefits from the passivation of
Pb-rich surfaces. A faster CsBr release rate induces the forma-
tion of CsPbBr;, while more Br~ ions passivate uncoordinated
lead atoms, together inducing the formation of phase-pure and
bright CsPbBr; perovskites.

However, CsPb,Brs is known as non-emissive perovskite®
and will not change the PL of CsPbBr;. There must be other
reasons causing the PL peak broadening with additional emis-
sion shoulders. Besides impurities, size and shape variation
could also result in different emission colors,***” which is due to
changes in the quantum confinement effect within CsPbBr; and
thus the bandgaps. Transmission electron microscopy (TEM)
measurements were performed to confirm whether there is
a size and/or shape variation. Fig. 2a and b show TEM images
from different regions of the same sample without the meth-
anol additive, revealing that this sample is a mixture of ~2 nm
spherical NCs (Fig. 2a), ~6 nm spherical NCs and irregularly
shaped NPLs (Fig. 2b). The height of the spherical NCs was
determined to be app. 2 nm by atomic force microscopy (AFM,
Fig. 3a), which is consistent with the TEM results. Following the
size-dependent PL behavior, we can easily match the PL
components with the obtained NCs or NPLs. As shown in Fig. 4,
the PL spectrum of the sample without the methanol additive
was fitted using Gaussian fitting. The emission peak at 455 nm
originates from the ~2 nm NCs, the emission peaks at 480 and
500 nm originate from the ~6 nm NCs and irregularly shaped
NPLs, and the emission peak at 520 nm is trap state related PL.
For TEM characterization, the contrast in the image can reflect
the thickness of the crystals: high contrast means thick crystals

This journal is © The Royal Society of Chemistry 2020
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Fig.2 TEM images of the final products from the LARP approach using
different amounts of methanol: (a) and (b) O uL, (c) and (d) 200 uL, (e)
400 pL, and (f) 600 pL.

while low contrast stands for thin nanoplatelets. As shown in
Fig. 2d, for the samples with 200 pL methanol, the contrast of
most crystals is very low, indicating that they are thin nano-
platelets benefiting from the quantum confinement effect and
exhibiting PL peaks at wavelengths less than 525 nm (corre-
sponding to the bulk bandgap). The few high contrast crystals
may contribute to the long tail of the PL spectrum at longer
wavelengths. Thus, based on the PL spectrum (Fig. 1b) and the
TEM images (Fig. 2¢ and d) of the sample using 200 pL of the
methanol additive, we can observe a similar relationship
between the PL components and the observed NCs and NPLs.
The wide size and shape distribution is determined to be the
main cause of these wide and asymmetrical PL spectra.

When the amount of the methanol additive reached 400 pL,
the spherical NCs disappeared and only rectangular NPLs with
an edge length varying from 12 to 26 nm were observed (Fig. 2e

(nm)

0.0 0

1.0 .2 04
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Fig. 3 AFM images and the corresponding height analysis of samples
(a) without and (b) with 600 pL of the methanol additive.
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Fig. 4 Gaussian fitting of the PL spectrum of the sample without the
methanol additive, and the relationship between these PL components
and the obtained NCs and NPLs.

and 5). Increasing the amount of methanol to 600 pL narrowed
the NPL edge length distribution to 12 to 19 nm (Fig. 2f and 5).
The Bohr exciton diameter of CsPbBr; has been determined to
be 7 nm,* which is much smaller than the NPL edge length
(18.9 £ 4.7 and 15.7 + 2.1 nm for samples using 400 and 600 pL
methanol, respectively, Fig. 5). The emission maximum of bulk
CsPbBr; is located at 525 nm,*® which is red-shifted by 23 nm
relative to the samples using 400 and 600 pL methanol (both at
502 nm), demonstrating a strong quantum confinement effect.
Thus, the thickness of these NPLs should be less than the Bohr
exciton diameter of 7 nm. That's the reason for naming them
NPLs. The PL peaks of 400 and 600 uL NPLs coincide, repre-
senting similar quantum confinement effects and thus similar
thicknesses. The thickness (height) of the 600 uL sample was
determined to be app. 5 nm by AFM (Fig. 3b), corresponding to
8 unit-cell-thick NPLs.

The possible growth process of CsPbBr; NPLs with or
without the presence of traces of methanol is shown schemat-
ically in Scheme 2. Without methanol, ultrasmall 2 nm spher-
ical NCs form first. Some of these ultrasmall particles aggregate
together to form 6 nm spherical NCs and irregular NPLs due to
the large surface to volume ratio of the 2 nm NCs and insuffi-
cient number of ligands, while the others interact with Pb** and

30
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600 L, 15.7 £2.1 nm
& 20
c
S
i
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Fig. 5 Edge length distribution histograms of CsPbBrz NPLs synthe-
sized with 400 and 600 uL of the methanol additive.
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Scheme 2 Schematic representation of the LARP approach carried
out with or without the presence of traces of methanol.

Br~ ions to form CsPb,Brs due to the lack of Cs* ions. After
introducing methanol, the Cs" and Br™ release rate is promoted.
More Cs" and Br~ ions induce the formation of CsPbBr;, while
more Br~ ions passivate uncoordinated lead atoms, together
inducing the formation of phase-pure and bright CsPbBr; NPLs.
The absolute PL QY and the PL peak's full-width at half-
maximum (FWHM) as functions of the methanol volume are
summarized in Fig. 6a. With the increasing amount of meth-
anol from 0 to 600 pL, the FWHM decreases from 40 to 27 nm,
and the PL QY increases from 50% to 90%, which is due to the
increased number of Br~ ions passivating the NC surfaces
during crystallization. The PL QY decreases to 75% when the
methanol additive is increased to 800 pL, due to the decom-
position of CsPbBr; perovskites by excessive methanol. The
brightest sample with 600 pL of the methanol additive was
chosen to investigate the electron-hole recombination mecha-
nisms. The time-resolved PL decay (TRPL) of the as-prepared
CsPbBr; without and with 600 pL methanol is presented in
Fig. 6b. The decay fitting results are listed in Fig. 6¢c. The short
lifetime component (10.2 and 18.0 ns for samples with 0 and
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Fig. 6 (a) PL QY and FWHM values as functions of methanol volume.
(b) TRPL curves and (c) the corresponding fitting results of samples
without and with 600 uL of the methanol additive.
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600 pL methanol, respectively) originates from the exciton
radiative recombination, whereas the long-lived component
(55.3 and 76.1 ns for samples with 0 and 600 pL methanol,
respectively) is consistent with delayed PL caused by surface
traps. Clearly, the relative ratio of amplitude (f;) of 7, to that (f3)
of 1, increased obviously with the methanol additive (more Br™
ions during crystallization), indicating that some of the surface
traps have been modified. As for the shape evolution from
spherical NCs to rectangular NPLs after introducing methanol,
it is supposed to be related to the changed crystallization
environment. Typically, the high-energy facets grow faster than
the low-energy facets during perovskite crystallization, and the
surface energy of certain facets can be lowered by binding with
surface ligands. Indeed, it has been well documented in the
literature that NPLs could be obtained via introducing short
ligands, like pyridine, octanoic acid and octylamine.****** In our
case, with the help of OA~ and OLA", some of the methanol can
ionize into CH;0" and CH;0~, which act as surface ligands and
change the crystallization environment,*** inducing shape
evolution from spherical nanocrystals to rectangular NPLs.
The CsPbBr; NPLs with the highest PL QY were chosen as
emitters for electroluminescence (EL) light-emitting diodes
(LEDs). Ultraviolet photoelectron spectroscopy (UPS) measure-
ments (Fig. 7a) were performed on CsPbBr; NPL films in order
to map the valence band maximum (VBM) and the conduction
band minimum (CBM). The Tauc plot of a CsPbBr; NPL film on
a quartz substrate (Fig. 7b) exhibits a bandgap of 2.37 eV. Thus,
the VBM and CBM values for CsPbBr; NPLs are determined to
be —5.80 and —3.43 eV, respectively. A schematic of the CsPbBr;
NPL LED device structure used in this study is shown in Fig. 8a.
The device energy band diagram for all functional layers is given
in Fig. 8b. The LED comprised a layer of CsPbBr; NPLs depos-
ited on top of an ITO/ZnO substrate with a top 4,4,4"-
tris(carbazol-9-yl)triphenylamine (TCTA)/MoOs/Au electrode.
The wide bandgap ZnO is famous for its high electron mobility,
excellent optical transparency and deep lying VBM, and thus
was chosen as the electron transport layer and the hole blocking
layer.®* TCTA has a HOMO (highest occupied molecular orbital)
close to the VBM of CsPbBr; NPLs, and a low lying LUMO
(lowest unoccupied molecular orbital) to block the electrons,
and thus was chosen as the hole transport material.®* A peak
luminance of 8347 cd m™? (Fig. 8c), a peak external quantum
efficiency (EQE) of 4.2%, a peak current efficiency (CE) of 13.2 c¢d
A", and a peak power efficiency (LE) of 12.3 Im W' were

CsPbBr,
E.~-4.7eV

CsPbBr,
Offset~ 1.1 eV

CsPbBr,
Bandgap ~ 2.37 eV

Intensity (a.u.)
(athv)? (nm" eV)?

' ' 21 24 27 30 33
Binding energy (eV) Energy (eV)
Fig. 7 (a) UPS spectra and (b) Tauc plots of CsPbBrs NPLs.
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Fig. 8 (a) Schematic device architecture of the CsPbBrs NPL LED. (b)

Energy diagram for all the functional layers employed in the optimized
device. (c) Current density—voltage—luminance curves. (d) CE, LE, and
EQE as a function of current density, with the inset showing the
reasons for high efficiency “roll-off". (e) Device PL and EL spectra. The
inset shows the comparison of device parameters between our device
and reported CsPbBrs NPL LEDs. (f) The color coordinates of the
CsPbBrs NPL LED on the CIE 1931 color space, together with the Rec.
2020 standard.

achieved (Fig. 8d). The EQE dropped to half of its initial value at
30 mA cm 2, showing a high efficiency “roll-off”. Unbalanced
charge injection is the main cause for this. The electron injec-
tion barrier from ZnO to CsPbBr; NPLs is 0.53 €V, which is
0.43 eV larger than the hole injection barrier from TCTA to the
emitters. At low current density, only limited amounts of
charges can be transported to the emitters and the electrons
would efficiently recombine with holes accompanied by emit-
ting photons. At high current density, due to the smaller hole
injection barrier, there will be more holes than electrons
injected into the emissive layer, which leads to charged emitters
that cannot emit photons any more. The schematic represen-
tation of these processes is shown in the inset of Fig. 8d. A
bright EL solely from CsPbBr; NPLs peaking at 512 nm was
observed, which matched the device PL except for a 2 nm
increase in the FWHM (Fig. 8e). The CIE 1931 color coordinates
of (0.09, 0.73) corresponding to the CsPbBr; NPL LED are shown
in Fig. 8f, which is close to the Rec. 2020 standard. A summary
of the emission peaks and EQE values of LEDs employing
CsPbBr; NPLs is given in the inset of Fig. 8e. The emission peak
of our NPL LED is located at the longest wavelength, which
means narrower bandgaps and thus easier charge injection.

This journal is © The Royal Society of Chemistry 2020
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This may be the reason why our device EQE is higher than that
of the others.®**

Conclusions

In summary, we have explored the mechanism of the methanol-
assisted LARP approach using lead bromide perovskite NCs as
an example and have revealed how a suitable minor amount of
a methanol additive leads to bright, monodispersed and phase-
pure 8 unit-cell-thick CsPbBr; NPLs. It is the difference of the
solubility in methanol between CsBr and PbBr, that determines
the chemical reaction path: without methanol there is only
a limited number of Cs" and Br~ ions participating in the
reaction leading to formation of CsPbBr; accompanied by
CsPb,Br;, while a suitable minor amount of the methanol
additive promotes the CsBr release rate, resulting in phase-pure
CsPbBr;. The methanol additive can partly ionize into CH;0"
and CH3;07, which act as surface ligands partially replacing
OLA" and OA™, inducing shape evolution from spherical NCs to
rectangular NPLs. The NPLs using 600 pL methanol exhibit
a high PL QY of 90% and were employed as emitters resulting in
bright LEDs with a peak brightness of 8347 cd m™>. Our study
demonstrated that a suitable polar solvent can activate the
precursor leading to perovskite crystal growth control,
providing new insights into phase- and shape-control over
perovskite nanomaterials.

Experimental

Materials

Oleic acid (OA, 90%) was purchased from Alfa Aesar. Oleyl-
amine (OLA, 80-90%), CsBr (99.9%), and PbBr, (99.0%) were
purchased from Aladdin. Methanol (=99.9%) and dime-
thylformamide (DMF, 99.8%) were obtained from Sigma-
Aldrich. TCTA (4,4,4"-tris(carbazol-9-yl)triphenylamine, 99%)
was bought from jI-OLED.

Syntheses

As illustrated in Scheme 1, the synthesis of CsPbBr; NCs was
carried out at room temperature by the LARP approach, through
injection of 1 mL of the precursor mixture (which we denote
using a generic term “precursor” hereafter) into a “bad solvent”,
toluene (10 mL) under vigorous stirring. The precursor was
prepared by mixing CsBr (0.4 mmol), PbBr, (0.4 mmol), oleyl-
amine (OLA, 0.5 mL), and oleic acid (OA, 1 mL) in a “good
solvent”, DMF (10 mL). Then, x uL (0 =< x =< 800) methanol was
added into 10 mL toluene, namely the “bad solvent”. In the end,
1 mL of the precursor solution was injected into 10 mL of the
“bad solvent” to trigger supersaturation. Both the solvents, DMF
and toluene, were dried to remove any remaining traces of water
prior to use (DMF by adding K,Nai;, ,[(AlO,)1,(Si0,)1,] and
toluene via distillation).

LED fabrication

Patterned ITO-coated glass was carefully cleaned successively
using soap, deionized water, ethanol, chloroform, acetone, and

Nanoscale Adv., 2020, 2,1973-1979 | 1977
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isopropanol and was subjected to UV-ozone treatment for
15 min. A solution of ZnO NCs was spin-coated onto the ITO
glass at 1000 rpm for 1 min and annealed in air at 150 °C for
10 min. The CsPbBr; NPL active layers were spin-cast at
1000 rpm for 1 min. 4,4',4"-tris(carbazol-9-yl)-triphenylamine
(TCTA), M0Os3, and Au films were sequentially deposited by
thermal evaporation in a vacuum deposition chamber (1 x 1077
Torr).

Characterization

Absorption and photoluminescence (PL) spectra were measured
on a PerkinElmer Lambda 950 spectrometer and a Cary Eclipse
spectrofluorimeter, respectively. Transmission electron
microscopy (TEM) images were obtained on a FEI Tecnai F20
microscope. Powder XRD data were collected on a Bruker
SMART-CCD diffractometer. The absolute PL QYs of the
samples were measured on a fluorescence spectrometer
(FLS920P, Edinburgh Instruments) equipped with an inte-
grating sphere with its inner face coated with BENFLEC. Time-
resolved PL measurements were performed with the time
correlated single-photon counting (TCSPC) system of an
FLS920P Edinburgh spectrometer. A 379 nm picosecond diode
laser (EPL-375, repetition rate 5 MHz, 64.8 ps) was used to excite
the samples. Ultraviolet photoelectron spectroscopy (UPS)
spectra were collected on a PREVAC system. The electrolumi-
nescence spectra and the current density-luminance-voltage
characteristics of LEDs were measured using a Keithley 2400
sourcemeter and a PR-670 SpectraScan Colorimeter.
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