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Imperfect passivation of surface charge traps on metal halide perovskite (MHP) nanocrystals remains a
key obstacle to achieving higher performance in optoelectronic devices. Due to the strong ionic nature
of MHPs, ionic salts have been identified as effective surface charge trap passivating ligands. In this
study, based on photoluminescence quantum yield (PLQY) and time-resolved photoluminescence
(TRPL) measurements on cesium lead bromide nanocrystals (CsPbBrs NCs), we find that the pairing
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Introduction

Metal halide perovskites (MHPs) are promising semiconductors
for a wide variety of optoelectronic applications including photo-
voltaics, light-emitting diodes (LEDs), photodetectors, and
lasers." ® MHPs combine superb optical and electrical properties
with the possibility of low-cost solution based manufacturing.>”**
Properties of MHPs such as the widely tunable bandgap, narrow
full-width-half-maximum (FWHM) emissions, and bright photo-
luminescence (PL) with a versatility of low-temperature processing
conditions'®" are essential features for the advancement of (LED)
technology, which requires highly saturated color displays, lower
manufacturing costs, and high quantum efficiency.>*>* Among
the various MHPs, cesium lead halide perovskites (CsPbXs) are
promising for practical device applications due to their intrinsic
stability'®**® and defect-tolerant nature. In particular, CsPbBr;
nanocrystals (NCs) have shown superior optical properties including
near-unity photoluminescence quantum yield (PLQY),***° sharp
PL emission peak,”" and a highly saturated color emission.
Recently, CsPbBr; NCs-based LEDs have shown encouraging
progress with their performance exceeding an external quantum
efficiency (EQE) of 16%.>

Despite the promising potentials, a further increase in the
performance of MHP NC-based optoelectronic devices is currently
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and anion of the ionic pair to be a major factor in determining the trap passviation efficacy.

limited by non-radiative electron-hole recombination at trap sites
on the NC surfaces.**° One facile yet effective solution to this
challenge is a post-synthesis surface treatment with trap passi-
vating ligand molecules.***” Depending on the nature of defect
sites on the surface, various types of ligands®"*® can be employed
to improve trap passivation. Charge neutral Lewis base L-type
ligands bind with a Lewis acid site on the NC surface by donating
an electron pair. Conversely, charge neutral Lewis acid Z-type
ligands bind with a Lewis base on the NC surface by accepting an
electron pair. Due to a strong ionic nature of MHP surface, ionic
salts*”**™® recently have been studied as trap passivating
ligands. Cation and anion of ionic salts behave as charged
X-type ligands which passivate charge traps by either donating
or accepting an electron to under-coordinated surface atoms.
Despite all of the studies so far, precise mechanisms through
which ligands and MHP surface interact are still not well under-
stood and methods of selecting effective ligand species for
particular MHP surfaces remain elusive.

In order to optimize MHP NC surface-ligand interactions for
superior charge trap passivation, the surface environment and
the defect properties of NCs must be understood. A collection
of studies®>* on Pb-based MHPs has reported that a majority
of the detrimental surface charge traps is based on halide
vacancies. In order to eradicate these detrimental defects,
exposed Pb*>", an under-coordinated atom due to absence of
halides, needs to be coordinated with a counterion. As such,
finding an anion with effective binding affinity to Pb>" is
an essential aspect to improving charge trap passivation.
One study recently proposed that the Lewis basicity of anion
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in ionic salt plays a crucial role in trap passivation and used
hard-soft acid-base theory as a guiding principle to discover
that soft Lewis base anion binds best with soft Lewis acid Pb**
via coordinative bonding.>?

While halide vacancies serve as detrimental trap sites and
appear to have the most eminent effect on non-radiative
recombination, other vacancies, such as monovalent cations
are still present. Yet, computational studies®**> suggest that
their defect energy levels are likely to either lie outside of the
MHP bandgap or are too shallow to serve as significant charge
traps. For that reason, the choice of cation and the cation-
anion pairing have not yet been carefully taken into considera-
tion when selecting an ionic pair as charge passivating ligands.
Although passivation via binding of cations directly onto the
MHP surface may not directly result in any significant charge
trap passivation, we believe that the dissociation ability of the
cation-anion pair into ionic species will be an important factor
as ionic salts need to initially dissociate into ions for them to
act as X-type ligands. Therefore, we hypothesize that the binding
affinity of cation and anion pairing has a significant impact on
surface charge trap passivation in MHP NCs.

Here, we study the relationship between cation-anion pairing
in ionic salts and their efficacy in passivating surface charge
traps in CsPbBr; NCs. CsPbBr; is the most widely studied
composition in MHP NC field and is a great model system for
this work. Our PLQY and PL lifetime results show that, given the
identical anions, their pairing with different cations has a major
impact on the degree of surface trap passivation. Our systematic
comparison across different cation and anion pairs shows that
certain anions can passivate traps well regardless of cations
while other anions require pairing with specific cations for
effective trap passivation. Using density functional theory
(DFT) calculations, we identify the varying interaction energies
of the cation-anion pair combinations to be a major factor
resulting in the observed differences in trap passivation efficacy.

Experimental
Materials and methods

Materials. Cesium carbonate (Cs,COj;, 99.9%), octadecene
(ODE, 90%), oleic acid (HOA, >99%), oleylamine (OLAm, 70%),
anhydrous dimethyl sulfoxide (DMSO, 99.9%) were purchased
from Sigma-Aldrich. Lead bromide (PbBr,, >99.99%) was
purchased from TCI America. Cesium bromide (CsBr,
>99.999%) was purchased from Alfa Aesar. Tetrabutylammo-
nium bromide (TeBAmBr, >98%), tributylamine (>99%),
dibutylamine (>99.5%), n-butylamine (99.5%), acetic acid
(>99.85%), benzoic acid (>99.5%), difluoroacetic acid (98%),
hydrobromic acid (HBr, 48%), and tetrabutylammonium hydro-
xide solution (TeBAmOH, 40 wt% in H,0) were purchased from
Sigma-Aldrich and used as received.

Cesium oleate (Cs-oleate) synthesis. Using Schlenk line
setup, 0.407 g of Cs,CO3, 20 mL of ODE, 1.25 mL of HOA were
placed in 100 mL three neck round flask. Under vacuum, the
flask was heated at 120 °C for 1 hour to evaporate mostly water
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and impurities. Under Argon, the temperature was heated to
150 °C and solution was stirred until all Cs,CO; is dissolved.
The final concentration of Cs-oleate is approximately 0.12 M.
The final product needs to be heated prior to use as it often
precipitates at room temperature.

CsPbBr; NCs synthesis. 0.207 g (0.564 mmol) PbBr,, 1.5 mL
HOA, 1.5 mL OLAm and 15 mL of ODE were placed in 100 mL
three neck round flask. Under vacuum, solution was constantly
stirred at 110 °C for 1 hour until all PbBr, forms complexes with
HOA and OLAm. Under Argon, temperature was raised to
180 °C at which preheated 1.2 mL Cs-oleate (1.4 mmol) was
swiftly injected. The reaction took place about 5 s, immediately
followed by quenching with an ice bath. The resulting NCs are
highly luminescent. NCs were cannula-transferred to prevent
ambient exposure and then brought into the glovebox for
further purification.

Purification process of CsPbBr; NCs. To ensure most of
excess ligands, by-products, and unreacted species were
removed, an extensive purification process was performed.
The crude solution was centrifuged at 6k rpm for 45 min and
the strongly colored supernatant is discarded. 5 mL of each
methyl acetate (MeAc) and toluene were added to disperse NCs.
The solution was centrifuged at 6k rpm for 15 min and the
colored supernatant is discarded again. NCs were dispersed in
5 mL toluene, along with an addition of 200 pL of dried HOA
and OLAm. Another 5 mL of MeAc added and the solution was
centrifuged again. The less colored supernatant was discarded
this time. The previous procedure was repeated once more but
only with an addition of 75 pL of HOA and OLAm. After
centrifuging, the supernatant was removed. The NCs were
dispersed once more in 5 mL toluene, centrifuged at 3k rpm
for 3 min. The final supernatant was collected and stored in the
glovebox.

For gentle purification process, the crude solution was
centrifuged at 6k rpm for 45 min and the supernatant was
discarded. 5 mL of toluene was added once again and the
solution was centrifuged at 3k rpm for 3 min. Strongly colored
supernatant was collected.

X bromide (X = OLAm", TriBAm*, DiBAm', nBAm") ligands
syntheses. 48% aqueous HBr and 10 mol% excess amine were
reacted in ethanol and stirred overnight. H,O introduced from
aqueous HBr was removed by the rotary evaporator. The condensed
product was introduced in excess diethyl ether and placed in a
freezer at —20 °C until salt was reprecipitated while unreacted
amine stayed dissolved in diethyl ether. This procedure was
repeated twice more to yield highest purity. The finally filtered
salts were further dried in a vacuum oven at room temperature.

X-Y ionic salt (X = OLAm", TriBAm’, DiBAm*, nBAm"; Y=BA ",
DFA ") ligands preparation. Ligand solutions that do not need to
be directly synthesized were prepared by simple mixing. Amines
and acids were placed in anhydrous toluene (in which solvent that
CsPbBr; NCs are dispersed) and stirred overnight in the glovebox.

Optical characterization. NC solution was sealed in a 1 mm
path length quartz cuvette for optical measurements. Toluene
in a cuvette was taken as a blank. PerkinElmer Lambda 950S
spectrophotometer was used for absorbance measurement.
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PTI Quantamaster 400 system was used for photoluminescence
measurement. For relative PLQY measurement, fluorescein (99%,
Sigma-Aldrich) dispersed in 0.1 M sodium hydroxide in ethanol
was used as a standard dye. For TRPL measurement, time corre-
lated single photon counting setup (TCSPC) was used on QM-400
system to measure lifetimes with 433 nm laser diode as a light
source. The lifetimes and their values are listed in Table S1 in ESL{

High-resolution transmission electron microscopy (HR-
TEM), and X-ray diffraction (XRD) characterizations. FEI Titan
80-300 TEM with 300 kV voltage was used for high-resolution
TEM images. XRD was taken using a Malvern PANalytical
Empyrean system with 40 kV and 40 mA.

Molecular dynamics simulations. Ab initio molecular
dynamics was performed to sample structures (for subsequent
geometry optimization) for each of the isolated cations and ion-
pairs using the Perdew-Burke-Ernzerhof (PBE) exchange—correlation
form of the generalized gradient approximation (GGA).*® The calcu-
lations were performed using version 5.4.4 of the Vienna Ab initio
Simulation Package (VASP).”” The NVT ensemble was used with a
Nose-Hoover thermostat. AIMD was performed at 373 K and 0.5 fs
time steps for a minimum of 2 ps. The calculations were spin-
polarized with a plane-wave cut-off of 400 eV (chosen due to the
presence of C, N, O, and F in some complexes), and an energy
convergence criterion of 10~* eV, and we considered only the I point
for sampling the first Brillouin zone. For OLAm", 22 A of vacuum
was added in all directions, 18 A for TriBAm®, and 16 A for DiBAm".
The five minimum energy structures, spaced apart by at least 50 fs,
were visually compared, and the lowest energy structures with
unique conformations were selected for subsequent geometry
optimizations. We emphasize that the sole purpose of the
planewave AIMD simulations was to sample structures that were
then optimized per the method described below.

B3LYP calculations. Individual ion structures and the selected
ion-pair structures were optimized using B3LYP/aug-cc-pvtz and
the Gaussian software.’® The structures were optimized with ‘tight’
convergence, to a root mean square force of 5.1 x 107% ev A™!
and max force of 7.7 x 10™* eV A™*, and a root mean square
displacement of 2.1 x 10° A and a maximum displacement of
3.2 x 10~° A. We chose B3LYP for its reasonable performance for
covalent and non-covalent interactions of small molecules.”® To
test the effect of our choice of computational method on ion pair
energetics, we also performed calculations using B3LYP/aug-cc-
pvtz and the D3 dispersion correction with Becke-Johnson dam-
pening (D3(B])),*° and the ®B97X-D hybrid-exchange functional,®*
and MP2%* calculations for select ion pairs. We found that the
trend in energies with respect to the identity of the anion
remained the same (Tables S3-S5 in ESIf) across all methods
tested. All structure files from final optimized geometries are
attached in the Ionic pairs molecular structure attachment file.

Results and discussion
NCs synthesis and characterization

For this study, it is beneficial to prepare NCs with a minimum
number of native surface ligands while still keeping NCs
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Fig. 1 (a) Absorbance spectra of two differently purified CsPbBrz NCs with
(OLAM™)(Br™) treatment. NCs prepared with gentle purification show a
peak at around 390 nm upon ligand treatment, indicating a formation of
other complex species. (b) Absorbance and PL spectra of CsPbBrs. (c) XRD
patterns indicating cubic phase of CsPbBrz NCs (d) TEM image showing an
average NC size of 7.9 + 1.4 nm.

colloidally stable. This is to more clearly elucidate the interac-
tions between the ligand species of interest and the NC surface.
Indeed, NCs with gentle purification processes (see Purification
process of CsPbBr; NCs in Experimental section) showed
complications upon ligand treatment likely due to significant
amount of various species including Pb-oleate, unreacted spe-
cies, and excess native ligands such as OLAm and HOA. As
shown in Fig. 1a, ligand treated NCs with gentle purification
show a peak in light absorbance at around 390 nm. The peak is
at much lower wavelength than 503 nm, the first excitonic
absorption peak of CsPbBr; NCs. This is likely due to light
absorption by MHP precursor complexes, formed between
unreacted precursor and ligands, that are much smaller than
the size of NCs. NCs with the extensive purification process
demonstrate consistent absorbance spectra with no additional
peaks, suggesting that they have cleaner surface system for our
ligand-surface interaction study. Therefore, for this study,
control (as-synthesized) NCs were placed under extensive purifi-
cation processes to remove the excess ligands and unreacted
species.

Fig. 1 provides characterization results of the extensively
purified NCs prior to ligand treatment. Fig. 1b features absorbance
and PL spectra. The PL peak is located at 511 nm with FWHM of
19 nm. The relatively low PLQY value of 21% compared to the
values typically reported in the literature®™>* is due to removal of
native ligands as much as possible during the extensive purifica-
tion step. Fig. 1c displays X-ray diffraction (XRD) peaks at 16° and
32° corresponding to strong orientations of (100) and (200) planes
parallel to the substrate, respectively. The peaks of (110) at 22°,
(210) at 34°, (211) at 37° and (220) at 44° are also in a good
agreement with CsPbBr; without any detectable presence of
impurities.”® Based on transmission electronic microscope (TEM)
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images (Fig. 1d), the average size of NCs is measured to be
7.9 &+ 1.4 nm which is consistent with the absorbance and PL
peak wavelengths.®® These characterization results confirm
that CsPbBr; NCs were successfully prepared as the base
system for ligand treatment study.

A study by Nenon et al>® suggests that the interaction
between the anion of an ionic salt and under-coordinated
Pb** plays a significant role in passivation efficacy. Particularly,
the degree of match between the Lewis basicity of the anion
and the soft Lewis acid Pb*" sites seems to be a major factor in
charge trap passivation efficacy on CsPbBr; NC surface. Based
on those findings, we selected a range of anions with various
Lewis basicity that previously showed widely different degrees
of trap passivation: bromide (Br™), difluoroacetate (DFA™),
and benzoate (BA™). A set of cations was chosen to yield
various interaction energies when paired with the anions: oleylam-
monium (OLAm"), n-butylammonium (nBAm'), dibutylammonium
(DiBAm"), tributylammonium (TriBAm'), tetrabutylammo-
nium (TeBAm'). Cations with differing numbers of carbon
chains were selected to alter the electron density around
nitrogen of cation, and thus its binding strength with the
anions. Each cation and anion were matched to form total of

View Article Online
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15 pairs of ionic salts to study their effect on trap passivation
in CsPbBr; NCs.

PLQY results

The absorbance, PL, and PLQY results of NCs treated with
various cation-anion pairs are displayed in Fig. 2. Absorbance
spectra in Fig. 2a, d, and g show relatively minimal shifts and
changes in magnitude, indicating a negligible change in energy
levels and population of NCs in the solution due to ligand
treatment. However, their PL spectra show significant varia-
tions in intensities depending on specific combination of
cation and anion (Fig. 2b, e, and h). Our PL results suggest
that a degree of trap passivation strongly depends on both
cation and anion of choice. In the case of the Br™ anion set, all
treatment with OLAm", DiBAm*, and TriBAm" pairs resulted in
superb passivation, yielding PLQY values of over 95%. In other
words, there is no appreciable dependence of PLQY on the
cation when paired with the Br~ anion. These results imply
that, first, the extra Br~ anions from the introduced ionic salt
effectively fill in the Br~ vacancies on CsPbBr; NC surface.
Second, the interaction energy of all cation-Br~ pairs may be
low such that sufficient amount of charged X-type ligands
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Fig. 2 (a, d and g) Absorbance spectra of NCs treated with 33 uM of various
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cation—anion pairs. Each row represents the data from a set of various salt

with the same anion. (b, e and h) PL spectra of the corresponding samples. Varying degrees of PL intensity with respect to that of untreated control NCs is
observed depending on the combination of anion and cation. (c, f and i) PLQYs as a function of concentration of ligand treated on NCs show a clear

dependence on each cation and anion.
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successfully passivates detrimental defects. Lastly, all OLAm",
DiBAm", and TriBAm" cations do not inherently possess compat-
ibility issues such as steric hindrance with CsPbBr; NC surface.

DFA™ has been recently discovered as a promising charge
trap passivating anion for Br~ vacancy on CsPbBr; NC
surface.”® Based on energy level calculations, PLQY, and 'H-
nuclear magnetic resonance (NMR) results, Nenon et al,>
found that the soft Lewis basicity of DFA™ matches well with
soft Lewis acidity of Pb®>" and can serve as an effective trap
passivating agent.”® Our results also show that DFA~, when
paired with OLAm", show superior passivation (Fig. 2f). However,
interestingly, we found that the passivation efficacy drastically
decreases when DFA™ is paired with DiBAm" and TriBAm'.
Treatment with (DiBAm')(DFA™) yielded at most 80% PLQY
while treatment with (TriBAm')(DFA™) produced an even lower
PLQY (~70%). This observation of a large variation in PLQY
from ~70% to ~100% observed in DFA™ set with various cation
pairs strongly suggests that the charge trap passivation efficacy
of ionic salts is significantly impacted by the pairing with cation.
Our results show that, although DFA™ can be an effective
passivating anion, it is not as competent as Br™, especially when
paired with cations other than OLAm". The difference in passiva-
tion efficacy of each anion is possibly explained by the variation
in their interaction with their cation counterpart.

The third anion used in testing, BA™, has softer Lewis
basicity than DFA™ and is expected to be superior for Pb>*
coordination according to the study by Nenon et al.>* However,
the study®® showed that BA™ may not be as effective passivating
ligand. In this study, we found that BA™ can effectively passivate
charge traps depending on the choice of cations. The
(OLAM")(BA™) pair yielded superior passivation with ~90%
PLQY while the (DiBAm*)(BA™) and (TriBAm")(BA ™) pairs showed
relatively low PLQYs of 60% and 30%, respectively. Similar with
the DFA™ set, the results from the BA™ set also shows ionic
pairing dependent PLQY variations. Overall, the BA™ pairs were
found to be not as effective for passivation compared to DFA™
pairs, which is consistent with the results in Nenon et al>?
Though this may be explained by the large size of the benzoate
anion causing steric hindrance, we propose that the interaction
strengths of the cation-BA™ pairs may be larger than those of
cation-DFA™ or Br~ pairs, hindering their ability to dissociate
and ultimately passivate trap sites.

We note that the nBAm" and TeBAm" cations, regardless of
anions they were paired with, behaved very differently from
DiBAm®, TriBAm®, and OLAm". Absorbance spectra of NCs
treated with (nBAm")(Br~) and (TeBAm")(Br~) in Fig. S1 (ESI{)
feature a significant decrease in absorption intensity of the
entire spectra, but especially the first excitonic peaks at 503 nm.
These results suggest that all pairs with nBAm" and TeBAm"
cations that we used cause degradation of NCs. Due to this
complication, further studies with nBAm" and TeBAm" sets
were not pursued.

NC size and PL lifetime measurement

To check for a possibility that PLQY variation results shown in
Fig. 2 was caused by change in defect density through structural

This journal is © The Royal Society of Chemistry 2021
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reconfiguration or deformation of NCs due to ligand treatment,
we obtained TEM images of the NCs before and after the ligand
treatments. For the measurements, the samples were prepared
with the highest molar ratio of NCs and ligands that were used
for PLQY measurements shown in Fig. 2. OLAm" was selected
as the cation for the measurements due to the most drastic
PLQY results with paired with the various anions. The average
sizes of NCs determined from the TEM images displayed in
Fig. 3a—c are 7.8 &+ 1.1 nm, 7.9 £+ 1.2 nm, and 7.4 £ 1.2 nm
for NCs treated with (OLAm')(Br-), (OLAm')(BA™), and
(OLAmM")(DFA™) respectively. The average values of all samples
fall within the statistical variation when compared to the as-
synthesized NCs. Also, there were no significant changes to
shapes of NCs. These results indicate that the ligand treatment-
induced structural changes are statistically insignificant and
not likely to be responsible for the observed differences in
PLQY shown in Fig. 2.

To better understand the origin of different PLQY values
with various cation-anion pair treatment, we performed time-
resolved photoluminescence (TRPL) measurements. A comparison
of PL lifetimes allows us to gauge relative differences in a degree of
non-radiative recombination that is primarily caused by charge
trap states. Average lifetimes of NCs treated with cation-Br™ pairs,
which yielded >95% PLQY (Fig. 2c), are measured to be at least
2.5 times longer compared to those of untreated NCs (Fig. 3d and
Table S1, ESIt). The trend in PL lifetime is also successfully
reflected in cation-dependent PLQY results in DFA™ and BA™ sets.
In DFA™ set, (OLAm")(DFA™) yielded the longest lifetime, followed
by (TriBAm')(DFA™) and then (DiBAm')(DFA™). BA™ set showed
the least increase of lifetime, as predicted in PLQY; highest
lifetime from (OLAm")(BA), followed by (DiBAm')(BA™) and
(TriBAm")(BA™). The PL lifetime values are provided in Table S1
in ESLt As a result, the PL lifetime results suggest that increase in
PLQY upon ligand treatment is due to reduction in non-radiative
recombination which largely depends on the combination of
cation-anion pairs.

DFT calculations and analysis

To test our hypothesis that interaction energies of ion pairs are
a major factor in determining charge trap passivation efficacy,
DFT calculations were performed. Initial ionic pair structures
were found using ab initio molecular dynamics trajectories
(details provided in Experimental section: Molecular dynamics
simulations), and structures were then subsequently optimized
with the B3LYP/aug-cc-pvtz functional and basis set. Simula-
tions were conducted in the absence of a solvent, full calcula-
tion details are provided in Experimental section: B3LYP
Calculations and all DFT - optimized molecular structures
are provided in Ionic pairs molecular structure file attachment.
Additionally, images of the ion pair structures are provided in
the ESL, T Fig. S2. The reaction between the cations and anions
is not purely electrostatic for all complexes. Optimization of the
DFA™ and BA™ ion pairs result in transfer of a proton from the
cation to the anion (forming two approximately neutral mole-
cules) for all pairs except (TriBAm")(DFA~) where we found
retention of the proton by TriBAm" to be slightly (2 k] mol ™)
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Fig. 3 TEM images of NCs treated with the highest molar ratio of
(@) OLAMBYr, (b) OLAMDFA and (c) OLAMBA used for PLQY measurements.
No significant structural change is observed. PL lifetime measurements of
control (untreated) NCs versus NCs treated with various cations (OLAmM®,
DiBAmM™, TriBAm™) paired with (d) Br~, (e) DFA~, and (f) BA™.

more favorable (Fig. S2, ESIt). We do not observe proton transfer
for the Br™ pairs. The interaction energy was calculated using the
B3LYP/aug-cc-pvtz energies for ion pairs and individual ions and
cations as:

AEinter- = EAB - EA‘r - EB— (1)

More exothermic interaction energy values indicate that the
cation-anion pair is in a more stable and energetically favorable
state. Conversely, the less exothermic the interaction energy is,
the more likely the pair is to dissociate into the free ion species.
Fig. 4 reports the DFT results (values displayed in Table S2 in
ESIt); the trend in calculated interaction energies of ionic pairs
is generally consistent with the PLQY results, as discussed below.

Among the ionic pairs, cation-BA™ pairs show the most
exothermic interaction energies overall; they have the highest
tendency to stay as an ionic pair and are expected to show the
least effective trap passivation. Cation-DFA™ pairs have the
second highest tendency to stay as a pair while the cation-Br™
pairs have the lowest. The calculation results closely resemble
our PLQY results, in which overall cation-BA™ pairs yielded
lower PLQY ranging from 30 to 90%, followed by cation-DFA™
pairs from 70 to 100% and cation-Br~ from 95% to 100%. The
interaction energy values among the set of ionic pairs with the
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Fig. 4 Interaction energies of various ionic pairs. Lower negative inter-
action energy is related to a higher tendency of the ionic pair dissociating
into free ion species.

same cation show a strong correlation with the trend observed
in the PLQY results. For example, the interaction energy of
(TriBAm™)(Br ") is the least exothermic (—400 kJ mol ") followed
by (TriBAm*)(DFA™) with —430 kJ mol~" and (TriBAm")(BA")
with —460 kJ mol ™" while their respective PLQY (highest) values
are 100%, 84%, and 36%. Similarly, the interaction energy
values of (DiBAm")(Br~) (—440 kJ mol '), (DiBAm")(DFA™)
(—460 k] mol ), and (DiBAm*)(BA™) (—500 kJ mol ') are in a
good agreement with the trend of their PLQY values (100%,
72% and 65%, respectively). OLAm'-anion pairs also show
similar results, with the exception of passivation by
(OLAmM")(DFA™), which is as superior as (OLAm")(Br~) despite
its 50 k] mol~" more exothermic interaction energy. Addition-
ally, our observation of all cation-Br~ pairs yielding superior
passivation is consistent with their more endothermic interac-
tions energies relative to cation-DFA™ and cation-BA™ pairs.
With respect to the cation identity, no discernable trend
between PLQY results and DFT results was observed amongst
the cations studied.

Our results suggest that interaction energy of an ionic pair
may impose a considerable impact on the trap passivation
efficacy. However, it is precarious to conclude that the inter-
action energy of an ionic pair is the only major factor governing
the trap passivation efficacy. It is one of many factors that can
contribute to the overall passivation mechanism such as the
interaction of ions with MHP NC surfaces, the interaction with
the native ligands, the entropic effects on the system, etc. In
addition, we emphasize that the chemical properties of the
anions, such as Lewis basicity,> is also very important as they
govern the direct interaction between the anions and the
exposed Pb** atoms. Therefore, our DFT results can not entirely
account for our experimental results, as evidenced in the
absence of a trend between cations in comparison to the
experimental data. However, a general correlation of our DFT
results with the PLQY results is a strong indication that the
interaction energy of cation-anion pair is a considerable factor
in determining the passivation efficacy of the ionic pair.

Here it should be noted that our results may help explain the
peculiar behavior of BA™ as an ineffective trap passivating
anion that was previously observed in the literature.”® The soft
Lewis base BA™ was initially thought to be well-matched for
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coordination with soft Lewis acid Pb**. However, experimental
results showed that using BA™ resulted in poor charge trap
passivation. The authors speculated that the steric hindrance
due to bulky benzene ring may be the cause.’® Our results in
this work suggest that another important factor that can
explain this peculiarity is the lower tendency of cation-BA™
pairs to dissociate into ionic species compared to other cation—
anion pairs.

Based on the findings from this work, ideal ionic pairs can
be selected by carefully considering several factors. As sup-
ported by a previous study>® and our results, the affinity of an
anion to coordinate with exposed Pb>" is an important factor to
consider. The anion should be chosen to have soft Lewis basicity to
match the soft Lewis acidity of the under-coordinated Pb*" atoms
on the surface, without any major steric hindrance. Additionally, as
we have demonstrated in this work, it is beneficial to select an
anion-cation pair with relatively low interaction energy. Therefore,
the choice of cation should be carefully considered as it imposes a
considerable influence on passivation mechanism as well.

Interaction energy between the cation and anion of an ionic
salt can be exploited as a key factor for a facile and rapid
screening platform for an optimal ligand selection. In the
process of selecting a range of ionic salts for NC surface
treatments, conducting numerous ligand treatment tests
demands a large amount of time, cost and effort. However,
an initial screening of ligand candidates by using the cation-
anion interaction energy as a variable can significantly reduce
the number of physical tests that need to be completed. It also
substantially increases a range of ligands to be screened, which
elevates the chance of finding a novel and effective ligand. This
screening process is readily applicable for defect passivation of
other perovskite-based NCs, and therefore bulk thin film com-
positions, as NCs have been shown to be an excellent model
system for studying surface passivation treatments for bulk
thin films.*® For instance, it could be greatly beneficial for
CsPbCl; and CsPbl; NC compositions, which have demonstrated
low stabilities and challenges for PLQY improvement.”®> Low
stability causes inevitable difficulties on experimental testing
such as NC batch variability and a limited number of ligands for
treatment. A wide range of computational screening of various
ionic pairs may save time and cost caused by such complexities
and help finding optimal ligands for effective surface defect
passivation on MHP NCs.

Conclusions

In this work, we studied the impact of various cation-anion
pairs on CsPbBr; surface trap passivation. Collective findings
from PLQY, TEM and lifetime results show that a degree of trap
passivation is not only determined by the compatibility of
anion in ionic pair to passivate Br~ vacancies, but also the
choice of cation that is paired with. Although it is hard to
elucidate how cation partakes in trap passivation mechanism,
our work suggests that one of the governing factors to the
passivation efficacy is the nature of ionic pairing, or particularly,

This journal is © The Royal Society of Chemistry 2021
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interaction energy of cation-anion pair. The implication of this
work for applications suggests that the interaction energy
between cation-anion pairs needs to be taken into account when
selecting ideal ligand for surface trap passivation on MHP NCs.
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