Open Access Article. Published on 03 August 2020. Downloaded on 7/15/2025 3:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry C

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2020,
8, 11805

Received 26th April 2020,
Accepted 1st July 2020

DOI: 10.1039/d0tc02038a

Investigating the structure—function relationship
in triple cation perovskite nanocrystals for
light-emitting diode applicationst:

Parth Vashishtha, (2 ** Sjoerd A. Veldhuis,® Sai S. H. Dintakurti,>“® Nicole L. Kelly, ¢
Benjamin E. Griffith, {22 Alasdair A. M. Brown, {2 *¢ Mohammed S. Ansari,?

Annalisa Bruno, {2 ® Nripan Mathews, {22° Yanan Fang, 22 Tim White,®

Subodh G. Mhaisalkar (2 **®® and John V. Hanna (2 *a¢

Organic metal halide perovskite nanocrystals are promising candidates for light-emitting diodes due to
their narrow emission bandwidth, high photoluminescence quantum yield (PLQY), and color tunability.
Nevertheless, these systems suffer from thermal instability, phase impurities, and a sensitivity to
processing techniques. This study reports the first synthesis of novel Cs-containing triple cation
perovskite nanocrystals with nominal stoichiometry Cs,(MAg 17FA g3)1_xPbBrs (x = 0-0.15). The effect of
Cs™ cation incorporation is thoroughly investigated using diffraction, microscopy and solid state MAS
NMR techniques. The solid state 3Cs MAS NMR results reveals the distribution of the Cs* cations is
highly concentration and particle size dependent, with maximized surface/subsurface Cs* concentrations
being achieved with the smaller 5 mol% Cs system. These characteristics directly correlate improved surface
passivation and environmental stability of the triple cation system. These triple cation nanocrystals exhibit a
maximum photoluminescence quantum vyield of ~93% which upon translation to nanocrystalline LED
devices delivers a maximum EQE of 7.4% (30 cd A™Y corresponding to a power efficiency of 34.87 Im W2,
This performance represents a marked improvement compared to CsPbBrs nanocrystals (PL quantum yield
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~50%; maximum EQE of 2.5% (7.2 cd A™Y) fabricated under similar conditions.

Introduction

Nanocrystals provide several advantages for optoelectronic
applications as compared to bulk materials."™ They have
higher photoluminescence quantum yields (PLQY), narrower
emission bandwidth, higher stability, size tuneable optical
properties, and the capability for surface functionalisation.*>™**
Nanocrystal or quantum dot based light emitting diodes (QLEDs)
are amongst the best performing LEDs, owing to impressive color
rendering, high brightness and higher thermal stability.>'*"?
In the past two decades, several advancements have been made
for variety of quantum dots, leading to the fabrication of
electrically driven QLEDs with emission throughout the visible
range.>>'* Currently, state-of-the-art QLEDs use CdSe based
core-shell quantum dots as an active layer."> However, over the
last few years, perovskite materials have emerged as promising
competitors for optoelectronic applications.

Organic-inorganic metal halide perovskite materials have
demonstrated attractive properties for applications such as
solar cells, LEDs and photodetectors. They have the potential
for very cost-effective fabrication, due to both the low precursor
material costs and their suitability for scalable, high-throughput,

J. Mater. Chem. C, 2020, 8, 11805-11821 | 11805


http://orcid.org/0000-0002-3712-8177
http://orcid.org/0000-0002-7885-890X
http://orcid.org/0000-0001-8761-0634
http://orcid.org/0000-0002-0714-3851
http://orcid.org/0000-0002-6963-1682
http://orcid.org/0000-0001-5234-0822
http://orcid.org/0000-0001-9856-3044
http://orcid.org/0000-0002-9895-2426
http://orcid.org/0000-0002-0644-3932
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tc02038a&domain=pdf&date_stamp=2020-07-16
https://wrap.warwick.ac.uk/134281
https://wrap.warwick.ac.uk/134281
http://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0TC02038A
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC008034

Open Access Article. Published on 03 August 2020. Downloaded on 7/15/2025 3:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solution-processing techniques. Moreover, the composition tune-
ability of the perovskite structure offers a powerful approach to
optimize the material properties for specific applications.'®"”
Since their discovery fifteen years ago, the power conversion
efficiency (PCE) of perovskite-based solar cells has improved
enormously from 3.6% to 25.2%."** Although methylammo-
nium (MA), formamidinium (FA) and mixed MA/FA based lead
halide perovskite solar cell materials demonstrate reasonably high
efficiencies, they are very sensitive to processing techniques as a
result of thermal and structural instability.>*® Additionally,
MA/FA based perovskite films have revealed difficulties with
phase impurity and significant defects and disorder influencing
the crystalline framework.”*?” The addition of Cs* as a third
cation into the FA/MA perovskite films has provided a viable
solution to these problems as triple cation films exhibit greater
stability and higher purity.**”*® Furthermore, triple cation
perovskites show less sensitivity to processing conditions, thus
offering a higher degree of device reproducibility.”*° As a result,
triple cation perovskite devices have shown higher power conver-
sion efficiency in perovskite solar cells.>**”°

In addition to solar cell devices, perovskites have also
attracted significant attention for LED applications. Their
tunable emission wavelength has facilitated LEDs of external
quantum efficiency (EQE) >20% for green, red and near-IR
light.>*** In order to be viable for LED applications, a material
should exhibit high exciton binding energy, narrow PL emis-
sion linewidth, and high PLQY.*>*® Hence, prior research has
focused on perovskite nanocrystal systems and low dimen-
sional perovskite materials where charge confinement greatly
enhances these vital properties.*>**3774° gimilar to perovskite
solar cells, mixed cation systems have proven very useful for
LED production. Zhang et al. reported mixed cation FA(; _Cs,PbBr;
perovskite LEDs and found a significant improvement in EQE
from 0.82% to 1.82% upon introducing Cs cations,”’ while
Xu et al. reported the perovskite LEDs based on mixed cation
FAMA(;_PbBr; quantum dots.”? The influence of cation mix-
ing was elucidated by Borriello et al. who used computational
studies to demonstrate that varying distortion of the crystal
structure with different A site cations alters the electronic
properties of the perovskite.*® This trend encourages research
into the formulation of mixed cation based perovskite materials
for the next generation of LEDs. Although Kim et al. reported the
first LEDs made from triple cation bulk perovskites, achieving
EQEs of 1.7%, 7.3% and 9.23% for blue, green, and near infrared
emission, respectively,* LEDs from triple cation perovskite
nanocrystal systems have not yet been reported.

In this work, novel triple cation perovskite nanocrystals of
nominal stoichiometry Cs,(FAqg3sMAg.17)1_xPbBr; (x = 0-0.15)
were synthesized using the room temperature ligand-assisted
reprecipitation (LARP) method.****™*° Octylamine and oleic
acid were introduced as surface passivation agents, while
dibenzo-21-crown-7-ether effectively solvated the Cs' cations
(from solid CsBr) in DMF solutions. Nanocrystalline systems of
varying Cs incorporation have been characterized by HR-TEM,
XRD and an extensive multinuclear solid state MAS NMR study
to evaluate the long-range order and short-range disorder that
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characterizes the structural heterogeneity and structure—
function aspects of these systems. The photoluminescence
quantum yield (PLQY) and external quantum efficiency (EQE)
characterizing the optoelectronic performance of these materials,
and their potential for LED device fabrication, were also assessed.

Results and discussion
Structural characterization

TEM and XRD analyses. Monodispersed spherical triple cation
nanocrystals were synthesized with 0, 5, 10 and 15 mol% of the
Cs' cation incorporated within the triple cation inventory.
Fig. 1(a-e) and Fig. S1 (ESI%) show the high resolution trans-
mission electron micrographs (HR-TEM) of the as-synthesized
samples, together with the average particle size data and the
size distributions represented in histogram form. The nano-
crystal shape is predominantly spherical, with the average
particle diameter (~5-8 nm) observed to increase monotoni-
cally with increasing Cs content. These particles were persistent
under 200 keV electron beam exposure for up to ~40-45 s. This
increasing particle size characteristic is attributed to faster
nanoparticle growth with elevated Cs incorporation. Although
the size increase is modest, it exerts a marked influence on the
distribution of the Cs' cation throughout the nanocrystal
structure composition (see the **Cs MAS NMR data below,
vide infra). These HR-TEM data showed that, irrespective of the
Cs' cation concentration, a high degree of long-range order
within the PbBrg*~ framework was maintained (see Fig. 1a-h).

These characteristics contrast with the morphological beha-
vior of CsPbBr; nanoparticles that form highly crystalline nano-
cubes (average edge ~11 nm). As shown in Fig. 2a and b, this
system readily exhibits lattice fringes indicating a d spacing of
5.8 A, in agreement with previous studies.’>*° However, the
lower and higher magnification HR-TEM images in Fig. 2c-e
show decomposition under shorter electron beam exposure of
~15 s (i.e. in comparison to similar TEM beam conditions used
to study the triple cation systems), consequently inducing
a heavily disordered material comprised of various particle
shapes and ranges of dimensions.

A powder X-ray diffraction study of the triple cation nano-
crystal series confirmed the formation of Pm3m cubic perovskite
materials.”>> While XRD patterns from drop-cast nanocrystal
suspensions on zero background substrate holders can exhibit
some texture leading to modification of the measured diffraction
intensities (see Fig. 1f and g),>"** those from these nanocrystal
precipitates showed no preferred orientation (see Fig. S2a, ESI).
As evidenced by the HR-TEM image of Fig. 1e for the 5 mol% Cs
sample, the nanocrystal lattices were highly ordered as the
(200) cupic lattice fringes are visible, with the superimposed FFT
match of the (200) plane obtained from the XRD data (see Fig. 1f-h)
corresponding to a d spacing of ~2.97 A. As the X-ray scattering
power and effective ionic radius of the Cs', FA* and MA" cations
both progressively decrease, Fig. 1f-i and Fig. S2b-d (ESI) demon-
strate that there are systematic changes in unit cell edge and the
relative intensity of (100)/(200) with composition in accordance

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 High resolution transmission electron microscopy (HR-TEM) images of nanocrystals supporting, (a) 0 mol% Cs, (b) 5 mol% Cs, (c) 10 mol% Cs, and
(d) 15 mol% Cs. These nanocrystals were persistent under the beam for ~45 s. (e) Shows the imaging of the lattice planes in the 5 mol% Cs preparation,
while (f)-(h) show the powder XRD data, the expansion of the 30° 20 region highlighting the peak shift in the (200) plane, and the change in the lattice
parameter a with Cs incorporation, respectively. These XRD data pertaining to the d spacing analysis are uncorrected for sample displacement, thus
yielding the discrepancy between d spacing and lattice parameter a data in (h). (i) Illustrates the relationship between the relative XRD peak intensities of
(100) vs. (200) taken from (f) and the average atomic number of the A site cations. In addition, the simulations of the relative intensity /(100)//(200) vs. the

average atomic number of the A site cations from the CsPbBrs, MAPbBrs3,

with the nominal compositions.*®>* A continuous solid solution
has been previously reported in microcrystalline triple cation
perovskite thin films.>® The incorporation of FA and MA was
further confirmed by FTIR of Cs 5(FA¢.s3MAy.17)0.05sPbBr; nano-
crystals (see Fig. S3, ESI}). TEM-EDXS corroborated that the Cs,
Pb and Br molar ratios are in good agreement with the nominal
starting precursor proportions (see Tables S1 and S2, ESIf). This
analysis was coupled with further elemental analysis undertaken
using solid state '"H and *C MAS NMR studies (vide infia) to
confirm the A-site FA" and MA" cation stoichiometry comprising
the triple cation systems.

Multinuclear solid state NMR - nanocrystal core

The '**Cs MAS NMR data for the bulk CsPbBr;, CsPbBr;
nanocrystal (average particle size ~11 nm) and the triple cation
Cs,(MA 17FA¢ g3)1_xPbBr; (x = 0.05-0.15) nanocrystal series are
shown in Fig. 3a and Fig. S4 (ESI%), and summarised in Table 1.
While the bulk orthorhombic CsPbBr; phase is characterised
by a single resonance at ¢ 117 ppm and a long T; value of
~103 s (By = 14.1 T), the data for the CsPbBr; nanocrystals
indicates that more complex Cs speciation describes this
system. Broader upfield signals at 6 109 ppm and 6 95 ppm

This journal is © The Royal Society of Chemistry 2020

and FAPbBrsz systems are plotted for comparison.

assigned to Cs" cations residing in the sub-surface and surface
nanocrystal layers, respectively, accompany the bulk CsPbBr;
resonance (6 117 ppm) characterising the nanocrystal core. The
layers experience increasing short-range disorder and structural
strain associated with the cumulative loss of translational sym-
metry as these Cs positions approach the particle surface.
As evidenced in Table 1, Fig. 3a and Fig. S4 (ESIi), these assign-
ments are supported by the increasing "*’Cs linewidths and
markedly reducing 7; values that trend upfield (ie. towards
decreasing "**Cs chemical shift) with increasing proximity of the
Cs' cations to the nanocrystal surface. This effect is most acute for
the surface Cs positions experiencing direct contact with the
disordered and motional passivation layer stabilising the CsPbBr;
nanocrystal surface. Although '**Cs (I = 7/2) is a quadrupolar
nucleus, the very small quadrupole moment Q of —0.343 X
107*° m” affords the observation of resonances which are domi-
nated by chemical shift dispersion induced by short-range dis-
order. These observations mirror the findings from previous **>Pt
and '°>Pd NMR studies on Pt and Pd metal nanoparticle systems
that report similar phenomena where the bulk component is clearly
identified as a separate component to the disordered surface and
sub-surface speciation of lower translational symmetry.>>>’

J. Mater. Chem. C, 2020, 8, 11805-11821 | 11807
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Fig. 2 HR-TEM micrographs of CsPbBrs nanoparticles synthesized using
LARP method showing (a) the as-synthesized cubic morphology, (b) a higher
resolution image emphasizing the cube structure and the lattice fringes,
(c) a lower resolution region scan acquired with short beam exposure of
~5's, (d) lower resolution scan of the same area after a beam exposure of
~15s, (e) a resolution micrograph depicting the disorder caused by beam
damage after the same ~15 s beam exposure, and (f) the XRD pattern of as
synthesized CsPbBrs nanoparticles.

Within the nominal stoichiometry of the triple cation
Csx(MAg.17FAg g3)1_xPbBr; (x = 0-0.15) nanocrystal series the
Cs' cation is a dilute species, and a more complex scenario
describes the Cs speciation in these systems. In comparison to
the CsPbBr; cases, the **Cs MAS NMR data in Fig. 3a now
exhibits upfield shifted resonances at 6 < 65 ppm, however the
observed chemical shift and multiplicity of the observed reso-
nances is sensitive to the degree of Cs incorporation. For the
highest Cs concentration sample (15 mol%) only a single
discrete **Cs resonance at § ~ 65 ppm is observed suggesting
that the Cs" cations in the larger ~8 nm diameter spheroids
generate a Cs-rich core within the nanoparticles, thus generat-
ing a ‘pseudo core-shell’ arrangement which is insensitive to
the surface and sub-surface layers. In contrast, the smaller
10 mol% and 5 mol% systems supporting reduced Cs incor-
poration exhibit successive upfield shifts (to lower ppm) in the
primary bulk '**Cs resonances to § ~61 and § ~58 ppm,
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Fig. 3 The (a) ©**Cs MAS NMR data (Bo = 14.1 T, 1, = 12 kHz), and (b) 2°’Pb
MAS NMR data (Bo = 7.05 T, v, = 20 kHz), characterizing triple cation
Csy(MAp17FA0 83)1_xPbBrs (x = 0.05-0.15) and CsPbBrs nanocrystal
systems, while (c) depicts the relative motional regimes assumed by these
systems as described by their T; characteristics under the influence of a
dipolar relaxation mechanism.

respectively, and additional upfield resonances at 6 ~51 ppm
(10 mol% Cs sample) and 6 ~49 ppm (5 mol% Cs sample) are
also observed. These findings suggest that the Cs-rich core of
these smaller spheroidal triple cation nanocrystals experiences
an increased interaction with the particle surface, and that
these systems diverge from a formal pseudo core-shell arrange-
ment. Hence, the relative proportions and influence of the
surface/sub-surface layers to the bulk (core) are becoming more
apparent as the surface area:volume ratio of these smaller
nanocrystals increases. These observations are analogous to
the characteristics defining the Cs speciation within the ~11 nm
CsPbBr; nanocrystal system discussed above (see Fig. 3a), where
significant proportions of the Cs positions experience increased
structural disorder and altered chemical environments due to
proximity to the nanoparticle surface.

This journal is © The Royal Society of Chemistry 2020
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The "**Cs T, data summarised in Table 1, and depicted in
Fig. 3c and Fig. S4a-e (ESI}), yield valuable insights into the
motional dynamics of the Cs speciation within the CsPbBr;
bulk and nanocrystal phases, and the triple cation Cs,(FA gs.
MA, 17)1_xPbBr; (x = 0-0.15) nanocrystal series. Assuming that
the relaxation of these spin systems is dominated by a dipolar
relaxation mechanism,’® the long T, values measured from
CsPbBr; bulk phase (0 117 ppm; Ty ~ 61 s at 7.05 T;
T, ~ 103 s at 14.1 T) demonstrate that Cs" dynamics reside
in the slow motion regime that is characteristic of condensed
solids behaviour (see Fig. 3c). In contrast, while the bulk
component of the CsPbBr; nanocrystal phases exhibits similar
Cs" dynamics behaviour although the measured T; values are
notas long (6 117 ppm; Ty ~ 29sat7.05T; T; ~ 35sat14.1T),
the resonances ascribed to sub-surface (6 109 ppm) and surface
(6 95 ppm) Cs" cations positions are characterised by signifi-
cantly shorter T;s of ~3-12 s which decrease monotonically as
the particle surface is approached, and they display reducing
magnitude differences between the variable B, field values.
These features indicate that the Cs' cation migration within
these regions is much faster and they reside in a motional
regime approaching the extreme narrowing limit, as schemati-
cally represented in Fig. 3c. These results corroborate previous
computational and electric field driven ion migration studies in
mixed metal halide perovskite nanocrystal systems which
report increased Cs* and Br~ dynamics in surface species in
the presence of increased defect and vacancy structures on the
nanocrystal surfaces.*>>’

In comparison to the partitioned "**Cs T; behaviour based
on the proximity of the Cs species to the CsPbBr; nanocrystal
surface, the T, relaxation of the Cs" cations within the triple
cation systems is more complicated as each Cs" position is now
surrounded by MA" and FA" positions undergoing their own
dynamic processes. Hence, the "**Cs T; behaviour can no longer
be rationalised to slower or faster Cs™ migration governed by a
simplistic ‘proximity-to-surface’ phenomenon. As noted from
Table 1, Fig. 3c and Fig. S4a-e (ESIf), the contrast between the
magnitudes of the T; values has largely disappeared. These data
show that the triple cation nanocrystals are characterised by
consistently shorter T; values in comparison to the CsPbBr;
nanocrystals. They also exhibit little variation (within experi-
mental error) between the variable B, field values; i.e. they
nearly all reside in motional regimes close to the extreme
narrowing limit as depicted in Fig. 3c.>® The only exception to
this behaviour is the 6 51 ppm resonance assigned to surface/
near-surface Cs' species in the 5 mol% Cs system which
shows clear variable B, field separation in the measured T,
values (0 51 ppm; ~2 s at 7.05 T; ~9 s at 14.1 T), thus
suggesting residence in a slower motion regime associated with
decreased Cs' migration dynamics. It can be assumed that
the MA" and FA' dynamics modulating the local magnetic
fields at the surface, subsurface and bulk Cs' positions are
approximately constant for all the triple cation nanocrystals;
hence, the longer, field dependent T;s for the 5 mol% system
indicate reduced Cs' migration linked with the higher Cs*
surface concentration and increased passivation (see Fig. 3a)

This journal is © The Royal Society of Chemistry 2020
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leading to greater surface environmental stability from that
preparation.>?

Increased disorder induced by reduced particle size effects is
further demonstrated by the **’Pb MAS NMR data of Fig. 3b.
The data for bulk CsPbBr; (0 275 ppm) exhibits a well-defined
Y(2°7Pb,””#'Br) coupling of 2290 4+ 20 Hz from the cubic
PbBrs*~ framework. Moreover, the corresponding data for the
CsPbBr; nanocrystal is characterised a less resolved/broadened
J(°7Pb,”?**Br) coupling manifold due to the disorder induced
by increased structural strain and dislocations as the nano-
particle surface plays a more prominent role. These results
represent the first observations of YJ(2°’Pb,”**'Br) coupling in
CsPbBr; from both bulk and nanocrystalline forms. In contrast,
the 2°”Pb MAS NMR data from the triple cation series represent
broad featureless resonances (6 445 ppm) devoid of any
Y(2°7pb,”¥#'Br) fine structure, thus reflecting the cation dis-
order that characterises these systems.

The C and 'H MAS NMR data from the triple cation
Csx(MAg 17FA¢ g3)1_xPbBr; (x = 0-0.15) nanocrystal preparations
are shown in Fig. 4 and 5. These data describe the H and C
speciation emanating from the MA" and FA" cations within the
nanoparticle, and the more complex speciation associated with
the octylamine and oleic acid passivating agents on the nano-
particle surface. An integration of the MA" and FA" resonances
in both the *C and "H MAS NMR data (see Fig. 4a—c) shows that
the relative proportions of these cations are close to that of the
proposed nominal stoichiometry, and within experimental
error this ratio is invariant across the 0-15 mol% Cs composi-
tional range. As summarised in Fig. 4c, these characteristics
corroborates the quantitative analysis undertaken using the
TEM-EDXS technique. Most importantly, this finding suggests
that the trends characterizing the **Cs MAS NMR data are
formally ascribed to the changing nanocrystal size and the
proximity of the Cs speciation to the particle surface, and not
to other factors linked to variation in the FA" and MA" cation
concentrations.

Multinuclear solid state NMR - nanocrystal surface

Complete assignments of the '"H MAS NMR spectra charac-
terizing the triple cation Cs,(MAg 17FA¢g3);1_xPbBr; (x = 0.15)
and CsPbBr; nanocrystal systems are shown in Fig. 5a and b,
respectively. These assignments were assisted by connectivity
information drawn from two different solid state 2D homo-
nuclear '"H-"H MAS NMR methodologies. As observed from
Fig. 6 and 7, the double quantum/single quantum (DQ/SQ)
BAck-to-BAck (BABA) and Nuclear Overhauser Effect Spectro-
scopY (NOESY) experiments were implemented which provided
through-bond and through-space (‘direct’) information,
respectively. For the triple cation system (Csg 15(MAg17FA0.83)0.85
PbBr;) (x = 15 mol% Cs in this case), Fig. 6a shows the 2D
DQ/SQ BABA data that clearly defines through-bond connec-
tivity within the FA" cation, and within the octylamine passi-
vating agent on the nanocrystal surface. These correlations
proved to be valuable assignment aids. In contrast, the 2D
"H-"H NOESY data from the same system (see Fig. 6b and c)
provides a more complex array of through-space connectivities

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The (a) ¥C MAS NMR data (Bg = 14.1 T, 1, = 12 kHz), (b) 'H MAS
NMR data (Bg = 14.1 T, v, = 60 kHz), (c) quantitative estimates of the MA™
and FA* A site cation concentrations as determined from the *C and
'H MAS NMR data, and (d) comparison of the *H Ty, data from the triple
cation Cs,(MAg17FAgg3)1 xPbBrs (x = 0.05) and CsPbBrsz nanocrystal
systems. The *C and *H MAS NMR data both suggest invariant proportions
of MA and FA across the compositional range as summarized in (c), which
is consistent with the nominal stoichiometric proportions introduced in
the synthesis route.

amongst the FA", MA", octylamine and oleic acid species that
are both intermolecular and intramolecular in nature. These
assignments enabled an unambiguous identification of the
octylamine and oleic acid passivating agents populating the
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nanocrystal surfaces, and they facilitated quantitative estimates
to be established.

Although the triple cation precursor solution is comprised of
5% octylamine and 95% oleic acid, the quantitative estimates
from deconvolution and simulation of the solid state "H MAS
NMR data of Fig. 5a establish that the bulk of the nanocrystal
surface passivation is actually dominated by the lower concen-
tration octylamine component. The quantitative estimate for
the 15 mol% Cs sample shows that the surface is populated by
~86% =+ 4 octylamine vs. ~14% =+ 3 oleic acid (i.e. a ratio of
~6:1). From the similarity exhibited in the triple cation 1D
"H MAS NMR data of Fig. 4b and the corresponding triple
cation 2D 'H-'H BABA and 'H-'H NOESY data displayed in
Fig. 6a-c and Fig. S6 (ESIi), the entire triple cation series
is characterized by this feature. As summarized in Table 1,
the octylamine:oleic acid ratio ranges from ~1:5-1:6.
These observations demonstrates that the sterically smaller
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octylamine molecule with a positively charged amine group
dominates the nanocrystal surface, thus supporting the
presence of a residual negative surface charge from the PbBrg*~
framework.®® Such a scenario can only occur if there exists
a predominance of exposed Br~ positions undergoing ionic
contact with the octylamine NH;" head group, as depicted in
the schematic representations in Fig. 7a and b. The description
of the triple cation nanocrystal surface contrasts markedly with
that of the CsPbBr; nanocrystal surface illustrated in Fig. 8c.
From the quantitative "H and ">C MAS NMR analyses descri-
bing the CsPbBr; system it is evident that a greater proportion
of oleic acid is present on this surface, however octylamine still
represents the larger component (~60% =+ 4 octylamine vs.
~40% =+ 4 oleic acid; i.e. ~3:2). This implies that more
equivalent distributions of Br~ and Cs" species populate this
surface (see Fig. 7c). Another important outcome described by
the 'H and *C MAS NMR data from both the CsPbBr; and
triple cation nanocrystal systems is that the dibenzo-21-crown-
7-ether is present in trace amounts only (~1% level), conse-
quently eliminating any likelihood that it exhibits a functional
role on these surfaces.

The different octylamine:oleic acid ratios supported by
the triple cation and CsPbBr; nanocrystal surfaces directly
influence the mobility of these surface passivation agents.
Fig. 4d summarizes the 'H T}, relaxation time measurements
associated with each H species populating these surfaces. This
relaxation time is sensitive to different modes of molecular
motion and reorientation in the millisecond regime.’® These
data indicate that (apart from the chain-end CH; species in
both passivating agents that are controlled by methyl rotation),
the H species on triple cation surfaces (dominated by octylamine)
display consistently longer T;, relaxation times emanating from
slower segmental motion in the octylamine chain. Conversely, the
CsPbBr; surface which possesses a higher oleic acid population
exhibits shorter T, relaxation times associated with the faster
segmental motion of the much longer aliphatic chain of this
molecule. These observations directly correlate with the higher
stability of the triple cation nanocrystals in comparison to their
CsPbBr; counterparts (see the HR-TEM results above), with the
former possessing a more homogeneous surface environment
characterized by slower modes of motion with lower energetics.

The 2D '"H-'H NOESY experiment is a technique that
relies on the transferral of spin polarisation from a specific
"H nucleus to other surrounding "H nuclei in the structure via
the homonuclear *"H-'H dipolar interaction. In cases where
H species are sufficiently proximate, an enhancement in the
observed NMR signal from the neighboring nuclei can be
observed which is proportional to the strength of the 'H-'H
dipolar coupling. This phenomenon is limited by the 1/7° depen-
dence of this interaction, and the dipolar contact between
spatially distant H species can only be detected when they are
separated by distances of typically less than ~6 A.°°°> These
characteristics render the sensitivity of this experiment to be
limited to H-H distances within one framework cavity (i.e. ranging
between ~2.0-3.0 A), and intermolecular H-H distances between
neighboring framework cavities (i.e. ranging between ~ 3.5-6.0 A).

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 2D homonuclear IH-H MAS NMR data (By = 14.1 T, v, = 60 kHz) from the triple cation Cs,(MAg 17FAg g3)1_xPbBrs (x = 0.15) system including (a) 2D
DQ/SQ BABA data showing through-bond connectivities (indicated with red dashed line) within the FA* cation and within the octylamine, passivating
agent, and (b) 2D NOESY data (mixing time 100 ms) highlighting through-space connectivities associated with intramolecular FA™ (red) and octylamine
(green) correlations, and intermolecular MA*/FA* correlations (black), octylamine/oleic acid correlations (blue). (c) Shows an expanded representation of
(b) highlighting additional octylamine/MA* (green) and octylamine/FA* (red) correlations, and intramolecular octylamine correlations (black).

However, MA" and FA" cations in next-nearest-neighbour arrange-
ments exhibit H-H distances of >10 A which are outside the
detection limits of this technique. An intermediate mixing time (t)
of 100 ms allows short range and long range correlations
to be detected in the 2D MAS NMR data of Fig. 6b and c.
A typical analysis of this demarcation of cation H-H distances
in a lead halide perovskite is given for the MAPbBr; system in
Fig. S5 (ESIf).

The sensitivity limits intrinsic to the 2D 'H-'H NOESY
experiment have implications for the interpretation of the
correlations pertaining to the octylamine and oleic acid passi-
vating agent on the nanocrystal surfaces. From Fig. 6¢ promi-
nent intermolecular FA"/octylamine correlations are observed,
while weaker MA'/octylamine correlations are also evident. The
intensity of these correlations demonstrates that the octyl-
amine (with a positively charged NH;" functional group) exhibits
a strong affinity for the PbBrs*~ surface which supports a large
negative charge; i.e. the Br~ positions provide the primary point of

This journal is © The Royal Society of Chemistry 2020

electrostatic contact. However, the positively charged surface MA"
and FA" cations (which will be notionally coordinated to the lower
concentration oleic acid CO,~ functional group) are adjacent to
the primary Br~ positions and spatially separated by <~6 A as
per the sensitivity limits of the NOESY experiment. The intensity
differences in these correlations are due to the proportionally
smaller concentrations of MA" in the nominal stoichiometry
rather than from spatial separation considerations (see Fig. 4c).
It is important to recognize that only the surface FA'/octylamine
and MA'/octylamine correlations are observed in Fig. 6b and c as
the sub-surface FA" and MA" cations are >10 A away (see Fig. 8a).
This representation provides an initial depiction of the highly
disordered nature of the triple cation nanocrystal surface.

The surface FA'/octylamine and MA'/octylamine correlations
of Fig. 6c also provide additional evidence for preferential align-
ment so that the electrostatic repulsion between the positively
charged amine groups and the positively charged octylamine
head group is minimized. This phenomenon is evidenced by

J. Mater. Chem. C, 2020, 8, 11805-11821 | 11813
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Fig. 8 The photophysical properties from the triple cation

Cs,(MAg 17FA0 83)1_xPbBr3 (x = 0-0.15) series depicting, (a) a photograph
of the 5 mol% Cs sample in hexane under room light and 365 nm
wavelength UV light, (b) absorption and PL spectra of 0 mol% Cs,
5 mol% Cs, 10 mol% Cs, 15 mol% Cs samples, and (c) the photostability
of a triple cation nanocrystal thin film measured under continuous illumi-
nation for 5 h (maximum intensity recorded for PL maximum at 528 nm
(Zexc = 350 nm)). The inset in (c) shows 2D PL spectra recorded over the
first 2 h of continuous illumination emphasizes the absence of intensity
changes or spectral drift in this performance.

the observable CH (FA'; § 7.9 ppm)/NH;" (octylamine; 6 6.5 ppm)
and NH," (FA"; § 7.3 ppm)/CH; (octylamine; § 1.0 ppm) correla-
tions marked in red, and the weaker CH; (MA"; § 3.0 ppm)/NH;"
(octylamine; ¢ 6.5 ppm) correlation marked in green (see Fig. 6c).

1814 | J Mater. Chem. C, 2020, 8, 11805-11821

Note that the NH," (FA"; § 7.2 ppm)/NH;" (octylamine; § 6.5 ppm)
and the NH;" (MA"; § 6.1 ppm)/NH;" (octylamine; & 6.5 ppm)
correlations are absent. As demonstrated in Fig. S6 (ESI%), these
surface structural characteristics are common to all the samples
in the 5-15 mol% Cs compositional range of the triple cation
nanocrystal system.

In addition, the intramolecular and intermolecular correla-
tions emanating from the 2D "H-'"H NOESY data in Fig. 6b, c
and Fig. S7b-e (ESIf) permit insights into the structural
arrangement of the octylamine and oleic acid passivating
agents on the triple cation and CsPbBr; nanocrystal surfaces
to be derived. Simple pictorial representations depicting these
long-chain aliphatic species as notionally radiating outwards
from these nanocrystal surfaces (see Fig. 7d) do not account for
the complex array of correlations observed in Fig. 6b, ¢ and
Fig. S7b-e (ESIf) for the triple cation and CsPbBr; nanocrystal
surfaces, respectively. The fully elongated octylamine and oleic
acid configurations represented in Fig. 7d are ~10 and ~22 A
in length, respectively, suggesting that the CH; chain ends
would not sense the NH;* and CO, ™ head group functionalities
of the triple cation or CsPbBr; nanocrystal surfaces with these
measurements. However, intramolecular correlations mea-
sured from the triple cation system (see Fig. 6¢) such as CHj
(octylamine; 6 0.6 ppm)/a-CH,, (octylamine; 6 3.3 ppm) and CHj
(octylamine; § 0.6 ppm)/NH;" (octylamine; § 6.6 ppm) provide
direct evidence for dipolar contact between the octylamine CH;
chain end and its polar head group. The only arrangement
facilitating these correlations in the 2D 'H-'H NOESY data
is when the octylamine folds back on itself towards the nano-
crystal surface as depicted in Fig. 7d, promoting a highly

This journal is © The Royal Society of Chemistry 2020
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disordered and entangled coverage of the triple cation nano-
crystal surfaces by the passivation layer. From Fig. 7d a similar
yet more pronounced arrangement is observed for the oleic acid
passivation of the CsPbBr; nanocrystal surface. Since octyl-
amine dominates the surface passivation on the triple cation
nanocrystal surfaces, a clearer representation of the oleic acid
behavior is provided by the 2D 'H-'H NOESY data from the
CsPbBr; nanocrystal surface shown in Fig. S7b-e (ESI}) where a
near-equimixture of the octylamine and oleic acid species exist.
These features demonstrate that mid-points of the oleic chain
interact with regions near the nanocrystal surface as illustrated
in Fig. 7d indicating that a highly folded and entangled
arrangement again emerges.

Photophysical properties

The reported photophysical data of Fig. 8a and Table 2 show
that the as-synthesized triple cation nanocrystals were highly
luminescent under UV excitation and exhibit a high PLQY.
As summarized in Table 2, purified samples of the 0 mol% Cs,
5 mol% Cs, 10 mol% Cs and 15 mol% Cs preparations display
80%, 93%, 85% and 82% PLQY, respectively, corresponding to
the average carrier lifetime data of 11.7, 14.5, 13.5 and 11.6 ns
as detailed in Fig. S8 (ESI%). The increase in carrier lifetime
(and thus increased exciton survival lifetime) measured for the
5 mol% Cs sample indicates the suppression of non-radiative
pathways and a concomitant enhancement of the radiative
channels in this sample associated with the increase in
the observed PLQY. Indeed, the PLQY is proportional to the
radiative lifetime (r,), hence perovskite quantum dots with a
high PLQY can be realized when the radiative recombination
pathways are increased.®***

These properties directly correlate with specific structural
elements identified by the solid state NMR study. In particular,
as the particle size decreases the ***Cs MAS NMR data reveals
the emergence of an upfield **Cs shift that identifies well-
defined surface/subsurface Cs' cation positions populating
nanocrystal surface of the 5 mol% Cs composition. These
surface Cs" cation positions display noticeably longer (and field
dependent) T, relaxation properties in comparison to those
predisposed towards the nanocrystal core. As discussed above,
the increased Cs" surface population and concomitant surface
passivation induces an overall increased environmental stabi-
lity and reduced ionic migration that is characterized by longer
T, relaxation values. Only the 5 mol% Cs triple cation composi-
tion exhibits the occurrence of these clearly resolved ***Cs shifts
in significant concentrations, and this distinctly partitioned T}
behavior. Previous work has postulated that increased populations
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of surface/subsurface Cs' cation species are associated with
improved surface passivation and environmental stability, which
can yield higher PLQYs and longer carrier lifetimes.*>*”*%%

While these characteristics rationalise the trend of increased
carrier lifetimes, PLQYs and overall performance of the 5 mol%
Cs preparation in relation to the other triple cation samples
within the series, they do not explain the absolute increase in
performance of the triple cation series in comparison to the
CsPbBr; nanocrystals. Other factors need to be considered to
account for the absolute difference in performance between
these systems. As observed in Fig. S9 (ESI%), the CsPbBr;
nanocrystals exhibit a PL peak at 516 nm with PLQY of
~50%, and the LEDs based on these nanocrystals exhibit an
EQE of 2.5% which represents a lower performance in compar-
ison to the triple cation analogues reported Table 2. The lower
PLQY and device performance can be attributed to the higher
framework Br~ and Cs" cation vacancy concentrations present
on the surface of the CsPbBr; nanocrystals, as reported by
recent computational and electric field driven ion migration
studies focusing on Br~ and Cs* migration dynamics.**>® Most
importantly, the 1D '*C and "H MAS NMR, and 2D 'H MAS
NMR studies described in Fig. 4-7 and Fig. S7 (ESL%) clearly
suggest that a large negative charge resides on the triple cation
nanocrystal surfaces facilitating a predominance of the shorter
and more conductive octylamine as the passivation ligand.
These data confirm that an octylamine:oleic acid ratio of
~5:1-6:1 exists throughout the triple cation series in compar-
ison to an octylamine:oleic acid ratio of ~1.4:1 for CsPbBr;
nanocrystals. In addition to the presence of surface/subsurface
Cs" cation species being associated with improved surface
passivation (as discussed above), the exposed (abundant) Br™
framework species on the curved triple cation nanocrystal
surface are also stabilized through multiple ionic associations
to the disordered network of abundant octylamine NH;"
head groups, as depicted in the schematic description of
Fig. 7a. Furthermore, the approximate nearest-neighbour Br~
site migration distances between vacancy/defect positons on
the CsPbBr; nanocrystal surface involves hops of ~5.88/4.15 A,
however same process on the triple cation nanocrystal surface
is estimated to occur across longer distances of ~5.98/4.23 A
making this a less probable event, thus enabling longer carrier
lifetimes and suppression of non-radiative pathways for
improved PLQYs. An alteration of the surface passivation
composition could stimulate increased conduction and higher
LED efficiencies in the devices based on the triple cation
nanocrystals in comparison to the CsPbBr; nanocrystals-based
devices (see Table 1).

Table 2 The device statistics for all fabricated LEDs. The maximum and average values are given for each device

Sample PLQY No. of Turn on Peak luminance Current efficiency Luminous power

name (%) devices voltage [V{] [cd m™?] [cd A7) efficiency [lm W] EQE [%]

0 mol% Cs 80 8 2.04 [2.06] 10218 [9243] 12.74 [11.48] 14.64 [12.82] 3.12 [2.81]
5 mol% Cs 93 8 1.98 [2.01] 10742 [10056] 30.00 [26.65] 34.87 [30.38] 7.36 [6.52]
10 mol% Cs 85 7 2.05 [2.11] 5240 [3400] 24.62 [22.15] 27.84 [24.51] 5.92 [5.31]
15 mol% Cs 82 7 2.10 [2.20] 2159 [1830] 20.91 [19.17] 21.58 [19.51] 5.14 [4.73]

This journal is © The Royal Society of Chemistry 2020

J. Mater. Chem. C, 2020, 8, 11805-11821 | 11815


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D0TC02038A

Open Access Article. Published on 03 August 2020. Downloaded on 7/15/2025 3:50:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Additional consideration also needs to be given to the
consequences of the MA" and FA" cation dynamics which
participate in ultra-fast anisotropic reorientation which are
attributes that are absent in the CsPbBr; system. Quasi elastic
neutron scattering, GHz spectroscopy, "N NMR and electron
diffraction studies have measured this phenomenon with the
resulting reorientation times (7,,) residing in the picosecond
range.>*>"% Computational and modelling studies focusing
on the MA® cation motion have demonstrated that these
fast molecular rotations lead to dynamic modulation of the
band structure, with the anisotropic reorientation increasing
electronic contact (orbital overlap) with the lead halide cages
consequently promoting a larger polaron formation.”® In turn,

(a)

2.2eV (b)

View Article Online
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this enhances the radiative recombination process and thus
inducing superior conversion efficiencies and PLQYs.

Fig. 8b describes the absorption and emission charac-
teristics of the as-synthesized triple cation nanocrystals dis-
persed in hexane; these data show a marginal blue shift in
absorption edge with increasing Cs' incorporation into the
cation inventory, similar to that reported for other perovskite
systems.'®*%71 The PL peak position also shifted to the blue
spectral region from 525-518 nm as the Cs content increased
from 0 mol% to 15 mol%, although this observation is some-
what mitigated by the subtle and monotonic corresponding
increase in nanocrystal diameter which would induce an
opposing red shift.'® From Fig. 8c it can be observed that the
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Fig. 9 The device characteristics measured from triple cation Cs,(MAg 17FA0.83)1_xPbBrs (x = 0-0.15) series depicting, (a) a schematic diagram and
energy comparison of the LED device structure along with a photograph of 5 mol% Cs LED operated at 3.00 V, (b) a plot of current density versus voltage
demonstrating that these devices were characterized by low turn-on voltages of ~2.0 V, (c) a plot of EQE versus current density, (d) a plot of power
efficiency vs. luminance, and (e) a study of the device stability at constant current density represented as normalized luminance (Lum/Lumo) as a function
of time. For the latter study, the Lumo measurements for the 0 mol%, 5 mol%, 10 mol% and 15 mol% samples were 77.4, 97.7, 107.4 and 110.1 cd m~2,
respectively. These Cs-containing devices demonstrate significantly higher device stability with the 5 mol% Cs device exhibiting the highest stability
under constant current density.
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triple cation nanocrystals revealed promising photostability up
to 5 h with constant illumination (4 = 350 nm), with the first 2 h
of constant illumination showing no indication of peak shifts
and intensity changes. Under ambient conditions, the triple
cation samples were also found to be stable in colloidal
suspensions for up to ~30 days, while the non-Cs containing
samples were comparatively less stable in similar suspensions
and were viable for only ~10 days. These narrow emission line
width, high PLQY and photostability characteristics demonstrate
that this material is a suitable candidate for LED applications.

Green-emitting LEDs were fabricated from purified nano-
crystals stably dispersed in hexane. The LED device structure
comprised: indium tin oxide (ITO)/poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS, 45 nm)/poly(4-
butylphenyl-diphenyl-amine) (Poly-TPD, 30 nm)/NCs (45 nm)/
2,4,6-tris[3-(diphenylphosphinyl)phenyl]}-1,3,5-triazine (POT2T,
45 nm)/LiF (0.8 nm)/Al (80 nm) respectively. PEDOT:PSS and
poly-TPD served as a hole injecting layers, while POT2T was an
electron injecting layer. A detailed description of the device
fabrication process is given in the ESL#i The schematic and
energy diagram of the LED device structure is presented in
Fig. 9a. While energy levels for the organic transport layers were
obtained from literature values,>*° the energy levels of 5 mol%
Cs nanocrystals were estimated from photoelectron spectro-
scopy (PESA) measurements reported in Fig. S10 (ESIi).

The LEDs show bright green emission (i.e. in the 520-
530 nm spectral region) with a narrow emission linewidth
(FWHM = 19 nm). The inset of Fig. 9a shows LEDs fabricated
using the 5 mol% Cs sample at 3 V. A marginal red shift of a
few nanometres was observed between the electroluminescence
(EL) and PL spectra due to the transition from solution to thin-
films, wherein Forster resonance energy transfer (FRET) takes
place to lower the band gap between neighboring nanocrystals
within ~1 nm (see Fig. S11a, ESI).”> As demonstrated in
Fig. 9b, all devices exhibit standard diode characteristics with
low leakage current and very low turn-on voltages in the range
of 2.0-2.1 V, which is minimized in 5 mol% Cs sample. The
paired maximum luminance and maximum luminance at peak
EQE values were 9662; 276 cd m ™2, 10207; 474 cd m™ 2, 5100;
460 cd m~2 and 2090; 201 cd m~? measured from the 0 mol%
Cs, 5 mol% Cs, 10 mol% Cs and 15 mol% Cs samples,
respectively (see Fig. 9b and Fig. S11b, ESIf). Fig. 9c¢ shows
plots of EQE vs. current density for each device, where the EQE
increases rapidly and significantly above their turn-on voltage,
with roll-off at higher current density. Efficiency roll-off at
higher current density is due to Auger recombination.””*
Overall, the 0 mol% Cs, 5 mol% Cs, 10 mol% Cs and 15 mol%
Cs nanocrystal systems deliver maximum EQEs (current
efficiencies) of 3.12% (12.53 c¢d A™Y), 7.36% (30.01 cd A™Y),
5.92% (24.52 cd A™") and 5.14% (20.81 cd A™"), respectively
(see Fig. 9c and Fig. S1ic, ESIf). From Fig. 9d, a plots of
luminous power efficiency vs. luminance displayed indicates
that the device employing 5 mol% Cs displays the maximum
power efficiency of 34.76 Im W' at 478 cd m™?, with a
minimum power efficiency of 14.58 Im W' at 276 ¢d m~> of
luminance characterizing the 0 mol% Cs device.

This journal is © The Royal Society of Chemistry 2020
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The performance metrics for all LEDs are listed in Table 2.
The trend in LED efficiency is in agreement with PLQY and
carrier lifetime data. As a small amount of dibenzo-21-crown-7-
ether was used in the triple cation nanocrystal synthesis, it was
pertinent to rule out any effect of this component on the device
efficiency. LED devices were fabricated using the 0 mol% Cs
product with and without the incorporation of crown ether;
from this comparison no noticeable improvement in device
performance was observed (see Fig. S12 and Table S3, ESI%).
This test concludes that the highest EQE achieved from the
5 mol% Cs LED can be attributed to the incorporation of an
optimum 5 mol% Cs content into the nanocrystal structure.
Furthermore, as demonstrated in Fig. 9e, devices prepared from
Cs-containing triple cation nanocrystals displayed improved
stability at constant current density, with the 5 mol% Cs device
revealing the highest stability at a constant current density of
1.58 mA cm ™. In particular, the 5 mol% Cs device displays a
two-fold increase in current stability in comparison the other
triple cation devices, corroborating the increased Cs* passiva-
tion and surface environmental stability in this sample.>*”?
Nonetheless, a detailed micro-level analysis is warranted to
completely investigate the device mechanism for each sample.
From Fig. S11d (ESI), all these devices show EL peak stability
under the applied electric field, which is a crucial factor for
future perovskite LED commercialization. It should be noted
that no further surface passivation schemes were explored in
addition to the octylamine/oleic nanocrystal capping reported
here in order to investigate improved conduction properties.
Nevertheless, future research will entail the additional optimi-
zation of numerous aspects to enhance the device performance.
For instance, the implementation of an ‘n-i-p’ device structure
and the use of metal nanocrystals in perovskite active layer
solutions to enable localized surface plasmon effects were
found to be an effective way to improve the EQE and perovskite
LED stability.”>”®

Conclusion

This study has described the development of a high perfor-
mance Cs-containing triple cation perovskite nanocrystal
system for optoelectronic applications. The room temperature
synthesis of triple cation nanocrystals of nominal stoichiometry
Csx(MAg 17FAp g3)1_<PbBr3 (x = 0-0.15) was demonstrated, and
this new system was able to deliver high PLQY of up to ~93%
while maintaining excellent photostability under continuous
UV illumination. An optimized NC purification process
performed to obtain high quality nanocrystals ink for LED
fabrication. The resultant LEDs displayed green-emitting
characteristics, with a maximum EQE of 7.4% (30 cd A™")
corresponding to a power efficiency of 34.87 Im W' being
achieved from the compositionally optimized Csg 5(MAg.17-
FAj.83)0.9sPbBr; (5 mol% Cs) triple cation system. Although
the 5 mol% Cs nanocrystal sample was the best performing
composition, all samples comprising this suite exhibited
improved operational characteristics over the more established
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CsPbBr; nanocrystal system. In contrast to the cubic morpho-
logy characterizing CsPbBr; nanocrystals, the triple cation
nanocrystal morphology is dominated by spherical particles
that exhibit increased thermal stability and durability under
the TEM-EDXS beam, and with the specific size range being
sensitive to the amount of Cs incorporation.

A multinuclear solid state **Cs, 2°”Pb 'H and *C MAS NMR
study reveals significant structural disorder within the A-site
cation (Cs', FA" and MA") species, and within the octylamine
and oleic acid agents passivating the nanocrystal surface,
despite the highly ordered PbBrs'~ perovskite framework
underpinning the overall structure (space group Pm3m,
a =5.984-5.944 A). The TEM-EDXS and ***Cs MAS NMR studies
suggest that the Cs' cations are dispersed heterogeneously
throughout the spherical nanocrystals; this dispersion appears
concentration and particle size dependent. While the Cs
speciation is essentially partitioned towards the centre of the
larger diameter/higher Cs content (15 mol% Cs) nanocrystals
in a ‘pseudo-core-shell’ arrangement, the data from smaller
diameter/lower Cs concentration systems (i.e. 10 mol% Cs and
5 mol% Cs) demonstrates an increasing sensitivity to the
particle surface with additional upfield (lower ppm) '**Cs
resonances being observed. These findings suggest a gradual
departure from the ‘pseudo-core-shell’ configuration as the
nanocrystal diameter decreases, with the 5 mol% Cs prepara-
tion demonstrating the emergence of substantial populations
of surface and sub-surface Cs" cation positions characterized by
resolved upfield ***Cs chemical shifts and highly partitioned T
behavior. This study provides the first solid state NMR evidence
linking improved functional properties such as higher PLQYs
and surface carrier lifetimes with increased surface passivation
and environmental stability, as evidenced by the longer T
relaxation of the surface Cs' speciation in the 5 mol% Cs
system suggesting slower migration dynamics in comparison
to the core Cs" positions.

The corresponding 1D and 2D "H and **C MAS NMR studies
demonstrates that the relative FA": MA" ratio of ~4:1 in the
initial reaction is maintained throughout this nanocrystal
series in close association with the initial nominal stoichiometry.
Furthermore, the octylamine surface passivation agent exhibits a
far greater binding affinity to the triple cation nanocrystal surface
than its oleic acid counterpart (i.e. octylamine: oleic acid ~6:1 on
average throughout the series), despite the ~20:1 predominance
of oleic acid in the precursor mixture. This observation contrasts
markedly with similar measurements characterizing the CsPbBr;
nanocrystal surface that shows the support of a near equi-mixture
of octylamine and oleic acid (~1.4:1 ratio). These studies also
conclusively prove that other organic solvents such as dibenzo-21-
crown-7-ether, DMF and toluene are not transferred from reaction
mixtures onto the triple cation and CsPbBr; nanocrystal surfaces.
Although, the crown ether is detected in trace quantities (<1%) it
plays no functional role on the surface of either nanocrystalline
material. The octylamine dominance suggests that the triple
cation nanocrystal surface carries a large negative charge via
the exposure of Br~ positions on the disordered spherical
particle surface. More complex 2D homonuclear *H-*H NOESY
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measurements show strong intermolecular FA-octylamine and
MA-octylamine correlations to sparse FA" and MA" cation surface
populations, and much greater FA" and MA" sub-surface popula-
tions. More importantly, these data also reveal additional correla-
tions that show the local structures of both passivation ligands do
not radiate outward from the particle core, but instead fold back
towards the nanocrystal surface thus contributing further to the
intrinsic disorder of both the triple cation and CsPbBr; nano-
crystal surfaces.

While the superior photophysical properties of the 5 mol%
Cs system in comparison to the other triple cation preparations
with higher Cs cation concentrations can be rationalized
in terms of increased surface passivation and reduced Cs"
migration, the superior performance of the triple cation nano-
crystal series over its CsPbBr; counterparts is explained in
terms of other contributing factors. As evidenced by the 1D
BC and 'H MAS NMR, and 2D "H MAS NMR studies indicate
that a large negative charge resides on the triple cation nano-
crystal surfaces facilitating a predominance of the shorter and
more conductive octylamine passivation ligand. These charac-
teristics are coupled with the ultra-fast anisotropic reorientation
dynamics of the MA" and FA" cations (absent in the CsPbBr;
system) which can induce larger polaron formation, enhanced
readiative recombination and superior PLQYs to yield the
reported improvements of in this work. Since this study repre-
sents the first investigation of triple cation nanocrystal systems, a
broadened synthesis strategy is expected to drive improvements in
device performance. Further studies will alter the ligand exchange
process in order to improve the surface passivation of the
nanocrystals, and the conductivity of the nanocrystal thin films.
Other approaches could involve the incorporation of different
halides (i.e. Cl or I), or novel mixed halide Cl/Br, Br/I triple cation
combinations, to stimulate the further tuning of the band gap and
emission properties of these nanocrystals for LEDs applications.
These materials are also suitable for solar cell applications where
hole-transport from the photo absorber perovskite film to the
metal electrode can be facilitated. Hence, the nanocrystal series
detailed herein could promote a wide range of possibilities
towards numerous optoelectronic applications.

Experimental

Materials

Cesium bromide (99.999% trace metal basis), PbBr, (99.999%
trace metal basis, Aldrich), dibenzo-21-crown-7 ether (97%,
Aldrich), PbI, (99.999%, trace metal basis), MABr (Greatcellsolar),
FABr (Greatcellsolar), N,N-dimethylformamide (anhydrous,
99.8%, Aldrich), toluene (anhydrous, 99.8%, Aldrich), hexane
(anhydrous, 95%, Aldrich), octylamine (99%, Aldrich), and oleic
acid (technical grade, 90%, Aldrich).

Synthesis

Triple cation nanocrystals incorporating 0, 5, 10 and 15 mol%
Cs were prepared using a ligand assisted re-precipitation
method (LARP) method.*>**™*° A precursor solution containing

This journal is © The Royal Society of Chemistry 2020
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CsBr, FABr and MABr (total of 0.1 mmol), PbBr, (0.1 mmol) and
dibenzo-21-crown-7-ether (same mmol as CsBr) was prepared in
1 ml of DMF in argon filled glove box at room temperature.
The molar ratio between Cs and (FA, gsMA 17) was varied from
0:1 to 0.15:0.85 (see Table S1, ESI}). 150 pl of the precursor
solution was added dropwise into a solution containing
5 ml toluene, 21 pl octylamine and 474 pl oleic acid under
continuous stirring in ambient conditions. The NCs were
instantly precipitated and a bright green-yellow solution was
obtained. After the reaction was completed, the NCs were
centrifuged at 10 000 rpm for 12 min. The resulting supernatant
phase was discarded and the precipitate was re-dispersed in
250 pl hexane followed by further centrifugation at 1000 rpm
for 12 min. The resultant supernatant was used for further
characterization and device fabrication as a NC ink. In order to
get a high NC ink concentration, 5 to 6 separate reactions were
performed and merged during the washing process.

A similar LARP methodology was adopted to synthesize pure
CsPbBr; nanocrystals, where a 0.1 mmol mixture of CsBr and
PbBr,, with 0.1 mmol of dibenzo-21-crown-[7] ether, were
dissolved in 1 ml of DMF. 150 pl of this precursor solution
was added drop-wise into a 5 ml solution containing toluene,
oleic acid and octylamine under stirring. The average size of
these nanoparticles was determined to be ~11 nm from
HR-TEM analysis (see Fig. Sle, ESI}), which is also a typical
size of CsPbBr; nanocrystals synthesized using a conventional
(hot-injection) method.'®* All details describing the nanocrystal
characterization, and LED fabrication and measurement, can be
found in the ESL#
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