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Hybrid organic—inorganic lead halide perovskite nanoparticles are promising candidates for optoelectronic
applications. This investigation describes the structural and optical properties of MA,Cs;_,PbBrz mixed
cation colloidal nanoparticles spanning the complete compositional range of Cs substitution. A
monotonic progression in the cubic lattice parameter (a) with changes in the Cs* content confirmed the

formation of mixed cation materials. More importantly, time-resolved photoluminescence (TRPL)
Received 21st May 2021 led the optimized 13 mol% C ficl ition exhibits the longest ch ier lifeti
Accepted 25th June 2021 revealed the optimize mol% Cs nanoparticle composition exhibits the longest charge carrier lifetime
and enhancement in radiative pathways. This sample also showed the highest photoluminescence

DOI 10.1039/d1ra03965b quantum yield (PLQY) of ~88% and displays ~100% improvement in the PLQY of pure MAPbBrz and
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Introduction

Hybrid organic-inorganic lead halide perovskites (LHPs) have
been widely explored for optoelectronic applications resulting
in solar cells with a record power conversion efficiency (PCE) of
25.5% and light emitting diodes with an external quantum
efficiency (EQE) exceeding 20%.*” The key advantages of this
class of materials are solution processability, inexpensive
starting materials, composition tunable band gap, high hole
and electron mobility, and high defect tolerance.*® Despite
showing high efficiency, prototype perovskite materials such as
MAPbX; and FAPbX; (where MA = methylammonium; FA =
formamidinium; X = Br, I) suffer from phase instability, poor
reproducibility, and thermal instability.'***> Saidaminov et al.*®
found lattice strain in perovskite induces point defects leading
to structural degradation and PLQY quenching. Lattice perfec-
tion can be improved by the addition of inorganic Cs' that
improves phase stability by strain relaxation leading to more
reproducible optoelectronic devices with improved thermal
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CsPbBrs. Prototype LEDs fabricated from MAg g7Csg 13PbBrs were demonstrated.

stability."***> A similar strategy of strain relaxation in FAPbI;
produced solar cells with PCE of 24.4%.'® In contrast,
compressive strain in CsPbBr; has been also found to be
detrimental towards stability."” On the other hand, Zhang et al.*®
reported significant improvement in thin-film LEDs using
mixed cation Csgg;MAq 13PbBr; material when compared to
pure CsPbBr;. In general, it is likely that strain relaxation can be
achieved by incorporating additional cations in the ABX; LHPs,
to improve structural stability and optoelectronic properties.
Following the synthesis of mixed-cation perovskite powders
and appreciable crystals, research focused on analogous nano-
particles to exploit their high PLQY, quantum confinement,
narrow emission linewidth, and size-tuneable optical proper-
ties."' These studies were motivated, in part, because perov-
skite nanoparticle LEDs show comparable performance to state-
of-the-art CdSe based QDLEDs.*>**** Song et al.>* synthesised
15 mol% FA doped CsPbBr; (Csg gsFAg.15PbBr;) demonstrating
61% PLQY. Later, Vashishtha et al.**" demonstrated the first
triple cation synthesis of Cs,(MA ;17FA¢ g3)1_PbBr; (x = 0-0.15)
for LED applications. These nanoparticles exhibit high phase
stability and reproducibility confirming the expected advan-
tages of mixed-cation perovskites. Premkumar et al. were the
first to synthesize cesium-methylammonium mixed-cation lead
bromide nanoparticles exhibiting twin PL emission peaks for Cs
20% and 40% compositions (Cs;_,MA,PbBr3;, x = 0.2, 0.4).”°
The twin emission was attributed to the bi-phase nature of the
samples; although Cs-MA should show a continuous solid
solution and be completely miscible according to perovskite
tolerance factor considerations.”?® It was also observed that
these Cs-MA based LHP nanoparticles were larger than ~12 nm
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with micaceous morphology that inhibits colloidal solubility/
stability and reduces the advantages of strong quantum
confinement.”*” As colloidal stability is essential to fabricate
thin-film optoelectronic devices, the present work was promp-
ted by the desire to synthesise single phase MA,Cs;_,PbBr;
colloidally stable nanoparticles.

Here, MA,Cs; _,PbBr; (x = 0-1) homogeneous nanoparticles
were synthesized using a facile room-temperature ligand-
assisted reprecipitation (LARP) method facilitating precise
linking of Cs content with the structural and optical proper-
ties.’?® Rietveld refinement of powder X-ray diffraction (XRD)
patterns and X-ray photoelectron spectroscopy (XPS) monitored
crystallochemical evolution were correlated with optical prop-
erties, including PL emission wavelength, charge carrier life-
time, and PLQY. Lastly, the optimized MA g;Cso.13PbBr;
nanocrystals were fabricated as electrically-driven LEDs.

Synthesis

A homogenous substitution of Cs* ions in MAPbBr; requires
overcoming the solubility differences between Cs and MA in the
dimethylformamide (DMF) solvent. Following the strategy re-
ported by Veldhuis et al.,*>*® the cesium solubility in DMF was
enhanced by using a complexing agent, dibenzo 21-crown-7
ether. A continuous solid solution series with the general
composition MA,Cs; ,PbBr; (where x = 0, 0.13, 0.25, 0.37, 0.5,
0.63, 0.75, 0.87, 1) was prepared with slight modification of the
LARP method reported earlier where 0.4 mmol of the salts were
dissolved in 2 mL of DMF to prepare the perovskite precursor
solution (see Table S4f). 150 pL of this solution was added

(a) (b)
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dropwise into a solution containing toluene and ligand. The
resulting nanoparticles were purified and dissolved in hexane
for further processing (refer ESIt for details). This procedure
was used across the entire compositional range.

Results and discussion
Structural properties

CsPbBr; exhibits temperature-dependent polymorphism, and
appreciable crystals are orthorhombic (Pnma) at room temper-
ature.” Unambiguous characterisation of CsPbBr; nano-
particles by laboratory powder X-ray diffraction can be
challenging as the changes in lattice parameters, for example
orthorhombic to cubic are small, and easily obscured by
Scherrer broadening and preferred orientation, but can some-
times be discerned using transmission synchrotron
methods.**** MAPbBr; is cubic (Pm3m) with dynamic methyl
ammonium ions. It is reasonable then to adopt a cubic model to
monitor lattice changes and the compositional progression
from MAPDbBr; to CsPbBr;.

X-ray photoelectron spectroscopy (XPS) provided an inde-
pendent verification of composition, and while XPS is surface
sensitive, photoelectrons can escape from the centre of
quantum dots/nanoparticles and the extracted compositions
are representative of the perovskite chemistry.®»** XPS exam-
ined the binding energies of the Cs 4d (74-78 eV) and Br 3d (64-
71 eV) emissions (Fig. 1a and S3t), and as the intensity of Cs
peaks reduces monotonically with increasing Br content, the
integrated doublet peak areas were corrected for sensitivity to
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Fig. 1

26 ()

(a) X-ray photoelectron spectroscopy (XPS) data of the prepared nanoparticle samples of the solid solution series MA,Cs;_,PbBrs. (b) A

plot of Cs content obtained from elemental composition analysis of XPS data. (c) Powder X-ray diffraction patterns of drop casted nanoparticle

samples on Si zero background crystals. The experimental (black line),

refinement using a cubic model. Strong preferred orientation is observed

calculated (red line) and difference (grey line) curves from Rietveld
along (1 0 0) direction. (d) Evolution of lattice parameter a and unit cell

volume obtained from Rietveld refinement of powder X-ray diffraction pattern in the solid solution series MA,Cs;_,PbBrs.
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obtain atomic ratios. As Pb>" stoichiometrically occupies the B-
site, the Pb 4f and Cs 4d peak ratio were used to confirm the
putative Cs content (Fig. 1a, b, S3 and Table S3) and shows
a slight enrichment between the nominal compositions 25 to
63% Cs. This likely arises from a systematic error in the
synthesis or composition measurement rather than a misci-
bility gap.

The powder X-ray diffraction (XRD) patterns of drop cast
samples exhibit (100) reflections characteristic of cubic
MAPbBr; (space group Pm3m) (Fig. 1c) that was used for Riet-
veld refinement.** The XRD peaks were Scherrer broadened*®**
as expected from nano-sized crystallites. Compared to Cs' the
MA" ion scatters X-rays more weakly and has a larger effective
ionic radius leading to a progressive decrease in the (200)/(100)
peak intensity ratio with decreasing cesium content in MA,-
Cs;_»PbBr; (Fig. 1c) while the refined lattice parameter reduces
monotonically with a slight deviation around 50% (Fig. 1d), in
agreement with the higher cesium content observed from XPS.
Furthermore, the cell volume (Fig. 1d and Table S1t) shows an
inflection that may be attributed to a reduction symmetry to
orthorhombic (Pbnm) as in CsPbBr;. Such compositional
dimorphism could not be confirmed due to strong textural
effects and crystal size broadening. Overall, XRD and XPS
confirm the systematic homogenous evolution of mixed-cation
structure with cesium incorporation.

MA,..Cs,,.,PbBr,

0.75 0.25
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Transmission electron microscopy found the MA-rich
compositions displayed spherical morphology while the Cs
rich compositions show cuboid particles pointing to different
surface energies of the nanoparticles, however further investi-
gation of the surface interactions is required. An average shifted
histogram was constructed to estimate particle sizes of 4.6 & 1.3
and 13.5 £ 2.9 nm for 25 mol% Cs and 75 mol% Cs samples,
respectively (Fig. 2 and S17). A gradual increase in particle size
from 3.5 nm to 18.5 nm was observed in passing from MA to Cs
rich compositions. As the solubility of the Cs ions in DMF/
toluene is lower than MA ions, the rate of precipitation is
correspondingly faster for Cs rich precursors, and as a standard
reaction time of 5 min was used for all the samples, this
accounts for the increasing particle size towards the Cs
endmember.

Cesium-rich were less susceptible to degradation during
electron beam irradiation enabling the collection of higher
magnification bright-field images with lattices where 2.9 A and
5.7 A fringes correspond to the (200) and (100) planes of cubic
perovskite (Fig. 2).

Photophysical properties

Cs' incorporation in MAPbBr; results in a blue shift of
absorption edge as well as the PL emission peak moving from

—

: _
‘5 TR

MA

0.25

Cs

PbBr,

0.75

Fig.2 Transmission electron micrographs of (a) 25 mol% Cs and (b) 75 mol% Cs samples showing spherical and cuboid particles of 5-14 hm size.
The high magnification images (bottom) show lattice fringes with d spacings of 2.9 A and 5.7 A for 25 mol% Cs and 75 mol% Cs samples,

respectively.
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Fig. 3

(a) UV-vis absorption spectra (blue) and PL emission spectra (green) across the solid solution series MA,Cs;_,PbBrz The bulk phase PL

emission of end members is marked in red lines that are linearly interpolated for intermediate compositions (* indicates an impurity). (b) Time
resolved photoluminescence (TRPL) data along with fitted curve (black line) showing 13 mol% Cs yielding the longest charge carrier lifetime. (c)
Photograph of nanoparticles, LED device, architecture and band diagram of the active layer along with the hole and electron transporting layers,
(d) current density—voltage—luminance (JV and LV) curves of MAg g;Csg 13PbBrs and CsPbBrs LEDs, and (e) current efficiency vs. current density

curve of MAg g7Csg 13PbBrsz and CsPbBrz LEDs.

522 nm for 0 mol% Cs sample to 516 nm for 100 mol% Cs
sample (Fig. 3a), consistent with previous reports of pure
MAPbBr; and CsPbBr; nanoparticles.'>***” The bulk PL emis-
sion was estimated by linearly interpolating the PL emission
peak from reported CsPbBr; and MAPbBr; data. This enables
a deconvolution of size and composition effects. This blue shift
in favour with contraction of lattice parameter by Cs" incorpo-
ration, further verifies a homogenous distribution of Cs* on the
A site.”®?® Moreover, all of these PL peaks exhibit FWHM smaller
than 22 nm ensuring the monodispersity in the nanoparticles
(Fig. 3a) and suitability for utilization in display devices. Pure
MAPDBr; also shows the presence of a blue emission peak at
475 nm that has been previously observed in pure MAPbBr; and
FAPbBr; nanoparticles and assigned to a 2D impurity phase

forming with the octylamine ligand®*** whose formation could
be attributed to the low growth rate of nanoparticles during
LARP synthesis. Reducing the ligand concentration may remove
this fraction but results in larger particles. Moreover, the
synthesis procedure used consistent experimental conditions
across all samples to maintain a comparable size range, so
further optimization on MAPDbBr; nanoparticles was not
performed.

To further investigate the optical properties, time resolved
photoluminescence spectroscopy (TRPL) was conducted on the
colloidal solution of as synthesized samples and analyzed using
a bi-exponential decay fit (Tables 1, S2f and Fig. 3b). The
100 mol% Cs sample showed an exciton lifetime of 11 ns, which
is consistent with a previous report of CsPbBr; nanoparticles

Table1l PLemission, average particle size estimated from TEM, quantum yield and charge carrier lifetime data of nanoparticle samples from the
solid solution series MA,Cs; ,PbBrs. The Bulk PL emission values of intermediate compositions are linearly interpolated from the reported single
crystal PL emission of CsPbBrz and MAPbBr=.* includes contribution from 2d impurity phase

Nanoparticle Nanoparticle  Crystallite size Carrier lifetime Bandgap (eV)
Sample composition Bulk PL emission (nm) PL emission (nm) PL fwhm (nm) (TEM) (nm) PLQY (%) (0.5 ns) (£0.1 eV)
Cs100 522.0 (ref. 27 and 37) 516.3 19.5 18.5 £ 3.5 48 111 2.37
Cs87 524.8 516.5 18.9 — 60 9.4 2.36
Cs75 527.5 517.5 18.8 13.5 £ 2.9 67 9.9 2.35
Cs63 530.3 518.4 19.7 — 76 9.7 2.34
Cs50 533.0 519.9 20.2 11.2 + 2.6 74 15.6 2.33
Cs37 535.8 520.6 20.3 — 74 15.7 2.32
Cs25 538.5 520.5 21.2 4.6 £1.3 78 15.6 2.33
Cs13 541.8 521.3 22.1 — 88 17.9 2.31
Cs0 544.0 (ref. 37) 522.5 25.1 3.5+ 0.9 42 25.5% 2.30
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synthesized using a similar method.*® By comparison, MAPbBr;
nanoparticles exhibit an extremely long exciton lifetime of 25 ns
due to the additional presence of blue-emitting species fav-
oured by the formation of nanoplatelets, resulting in a downbhill
energy transfer process to the nanoparticles bandgap and the
prolongation of population lifetime.*" In contrast, mixed cation
perovskites show a reverse trend in exciton lifetime such that
increasing Cs" content reduces carrier lifetime from 17.9 ns for
13 mol% Cs to 9.4 ns for 87 mol% Cs sample (Table 1). In the
current study, the major variables affecting the PLQY are
particle size, defect number and composition. Orthorhombic
(Pbnm) CsPbBr; nanoparticles reportedly have residual strain
accommodated through octahedral tilting of the PbBrg octa-
hedra'** leading to higher defect concentrations and the
degradation of photoluminescence properties.'>'” As MAPbBr;
is cubic (Pm3m) without octahedral tilting, addition of methyl-
ammonium ions is expected to relax the lattice strain. The
change in particle size is progressive, hence the increase in
PLQY and subsequent decrease could be due to anomalous
changes in strain affecting the number of structural defects. A
future study will seek to quantitatively correlate quantifying
strain and defect population.

The reduction in the exciton lifetimes and PLQY indicates
the enhancement of a non-radiative channel that is undesir-
able for PL efficiency.** To investigate this effect, PLQY was
measured in the colloidal solutions and found the 13 mol% Cs
(MAy 5,Csg.13PbBr;) shows the highest PLQY (~88%) with
increased radiative recombination pathways (Table 1)
compared to CsPbBr; (48%) and MAPbBr; (~42%). MA, ;5-
CSp.25PbBr; (78%) and MA, 63Csg 3,PbBr; (74%) also show
good PLQY performance attributable to lattice strain
relaxation.*

The excellent properties of MA, g;Cs¢.13PbBr; such as high
PLQY with colloidal stability in non-polar solvents and narrow
emission linewidth (22 nm) are highly suitable for LED appli-
cations. Therefore, prototype LEDs using purified nanoparticle
samples of MA g;Cs 13PbBr; and CsPbBr; were fabricated. The
LED structure is comprised of indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS,
45 nm)/poly(4-butylphenyl-diphenylamine) (poly-TPD, 30 nm)/
nanoparticles (20 nm)/2,4,6-tris[3-(diphenylphosphinyl)
phenyl}-1,3,5-triazine (POT2T, 45 nm)/LiF (0.8 nm)/Al (100
nm) respectively (Fig. 3c). As presented in the energy diagram
(Fig. 3c), PEDOT:PSS and poly-TPD act as the hole injecting
layer, whereas POT2T serves as an electron injecting layer. The
energy level data of the transport layers and CsPbBr; was re-
ported earlier by Brown et al. illustrate (Fig. 3c) the compati-
bility of transport layers and photoactive CsPbBr; layer.** The
inset of Fig. 3c shows a clear and stable colloidal solution and
a photograph of LED at 4.0 V. As evident from JV curve, both
LEDs exhibit low leakage current in the order of 10™* mA cm™>
(Fig. 3d). However, the MA, 3,Cs,.13PbBr; shows a low turn-on
voltage of 2.0 V, whereas the CsPbBr; LED the turn-on voltage
is 4.0 V. The LED electroluminescence (EL) spectra exhibit
a slight red-shift compared to their original PL in suspension
that is ascribed to the transition of nanoparticles from colloidal
to thin-film form due to Forster resonance energy transfer

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(FRET) between neighbouring nanoparticles (Fig. 3e).*® Fig. 1e,
S2 and Table S21 show the current efficiency, power efficiency,
and EQE vs. current density curve of both LEDs; the MAg g7~
Cso.13PbBr; LED shows a current efficiency of 2.8 ¢d A" with
EQE of 0.83% and power efficiency of 2.34 Im W™, whereas, the
CsPbBr; LED only exhibits a current efficiency of 0.64 cd A™"
with EQE of 0.20% and power efficiency of 0.41% Im W',
Future work will likely improve the performance of these LED
prototypes. While the efficiency values in both devices are low,
the MA, 3,CSo.13PbBr; LED shows a remarkable 4.3 times
current efficiency compared to the standard CsPbBr; LEDs.

Conclusion

The development of Cs-MA mixed cation colloidal perovskites
using a room-temperature LARP synthesis method has been
investigated. Structural and compositional studies using
powder XRD and XPS confirmed the incorporation of Cs* on the
“A” site of MAPbBr; nanoparticles with high PLQY achieved
ranging from 60-88%. TRPL demonstrated increased charge
carrier lifetime for optimized MA, 5,Cs( 13PbBr; which in turn
results in a PLQY of ~88%. The increment in PLQY for mixed-
cation nanoparticles was attributed to the relaxation in struc-
tural strain. However, investigation at the atomic scale is
needed to establish the origin of local strain in these hybrid
perovskites. Lastly, the colloidally stable ink of 13 mol% Cs and
CsPbBr; were used to fabricate into functioning electrically-
driven LED prototypes.
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