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ABSTRACT: In this study, we synthesized a phosphonium- TTP-Br |

based ligand, trimethyl(tetradecyl)phosphonium bromide P*’/ b
(TTP-Br), and employed it in the postsynthesis surface M Br'\ EQE~17%

treatment of Cs-oleate-capped CsPbBr; nanocrystals (NCs).

The photoluminescence quantum yield (PLQY) of the NCs PLAY>90%
increased from ~60% to more than 90% as a consequence of
replacing Cs-oleate with TTP-Br ligand pairs. Density func-
tional theory calculations revealed that TTP* ions bind to the
NC surface by occupying Cs* surface sites and orienting one of
their P—CH; bonds perpendicular to the surface, akin to
quaternary ammonium passivation. Importantly, TTP-Br-
capped NCs exhibited higher stability in air compared to
didodecyldimethylammonium bromide-capped CsPbBr; NCs
(which are considered a benchmark system), retaining ~90% of their PLQY after 6 weeks of air exposure. Light-emitting
diodes fabricated with TTP-Br-capped NCs achieved a maximum external quantum efficiency of 17.2%, demonstrating the
potential of phosphonium-based molecules as surface ligands for CsPbBr; NCs in optoelectronic applications.

( : olloidal nanocrystals (NCs) of lead halide perovskites, alkylammonium-halides and Cs-carboxylates,'*"” with alky-
with chemical formula CsPbX; (X = Cl, Br, I), have lammonium cations occupying surface Cs* sites and carbox-
emerged as promising active elements for optoelec- ylate anions replacing surface halide anions. These charged

tronic devices, including light-emitting diodes (LEDs), dis- ligands can easily detach from the surface of CsPbX; NCs

plays, scintillators, solar concentrators, photodetectors, and upon protonation or deprotonation, for example by simply
solar cells." ™ Such interest stems from the remarkable optical exposing the colloidal solution to air, eventually causing
properties of these NCs, which include high photolumines- degradation in PLQY."*'° To address these issues and improve
cence (PL) quantum yield (QY), narrow PL line widths, and both the colloidal stability and PLQY of CsPbX; NCs, various
tunable optical band gaps that extend from the visible spectral alternative surface ligands have been explored so far. The

region up to the near-infrared.* '° These NCs, however, suffer
from two main drawbacks due to their strong ionic character:
(i) their inherent high solubility in polar solvents makes them
prone to partial dissolution or etching when exposed to
moisture, air, or during standard purification procedures, and
(i) the surface ligands are typically weakly bound and tend to
desorb from the surface. The latter point is critical, since even a
partial desorption of surface ligands not only negatively affects Received: January 13, 2025
the colloidal stability of CsPbX; NCs but also contributes to Revised:  March 4, 2025
the degradation of their optical properties."' ™" AccePted: Mar.ch 20, 2025
In this context, typical surface ligands used in the synthesis Published: April 11, 2025
of CsPbX; NCs are alkylamines and/or carboxylic acids, which
bind to the NCs’ surface as ion pairs, specifically as

choice usually falls on molecules such as alkyl sulfonates or
phosphonates'”'® that have a higher binding strength to the
surface of the NCs compared to alkylammonium-halide and
Cs-carboxylate, or molecules that are unaffected by proto-
nation or deprotonation, such as alkyl quaternary ammonium
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Scheme 1. Sketch of the Post-Synthesis Ligand Exchange Process Involving Treatment of Cs-Oleate-Capped CsPbBr; NCs
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halides or zwitterionic molecules. We cite here only

some representative examples: Cai et al. successfully employed
several alkyl sulfonium bromides for the colloidal synthesis of
CsPbBr; NCs,”> while Imran et al. replaced Cs-oleate ion
couples on the surface of CsPbBr; NCs with didodecyldime-
thylammonium bromide (DDA-Br).'® Kreig et al. reported an
effective approach to synthesize CsPbBr; NCs using
zwitterionic long-chain molecules such as sulfobetaine,
phosphocholine, or y-amino acid.”’ Two common features of
CsPbBr; NCs from all these works are a near-unity PLQY and
improved stability under ambient conditions and even upon
washing with solvents to remove excess ligands.

Another unexplored class of ligands with the potential to
deliver efficient and stable CsPbBr; NCs and deserving further
investigation are the alkylphosphonium salts. Large aromatic
phosphonium halide ion pairs have been used to treat CsPbX;
NC films, enabling effective charge injection and mobility and
thereby improving the efficiency of the corresponding
perovskite-based LED (Table $1).>*~*° Despite these advance-
ments, no in-depth investigation has yet been conducted to
determine whether these species can efficiently bind to the
surface of CsPbBr; NCs. Given the structural similarity
between quaternary phosphonium halides and quaternary
ammonium halides, we hypothesize that the quaternary
phosphonium halides as well should also be capable of
anchoring to the surface of CsPbBr; NCs without altering the
NCs’ morphology and potentially resulting in stable and
strongly emissive NCs. To test this hypothesis, we synthesized
trimethyl(tetradecyl)phosphonium bromide (TTP-Br), a
quaternary alkyl phosphonium halide salt in which the four
organic substituents bound to the phosphorus atom are three
methyl groups and a long tetradecyl group, and evaluated its
effectiveness as a surface ligand for CsPbBr; NCs.”” This
compound, which has the advantage of a relatively accessible
phosphonium group while at the same time being soluble in
most common organic solvents, was employed in a postsyn-
thesis ligand exchange procedure involving Cs-oleate-capped
CsPbBr; NCs in toluene (Scheme 1).

Our results demonstrated a successful exchange of Cs-oleate
for TTP-Br, with the PLQY of CsPbBr; NCs increasing from
62% (as-synthesized NCs, coated with Cs-oleate) to over 90%
(TTP-Br coated NCs). Nuclear magnetic resonance (NMR)
analyses revealed that the ligand shell of the final NCs
comprised 92% TTP-Br (with a density of 1.28 ligands/nm?*)
and a residual 8% of Cs-oleate. To rationalize these findings,
we performed density functional theory (DFT) calculations,
which revealed that TTP-Br has a high binding energy to the
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surface of CsPbBr; NCs (42.73 kcal/mol), a value comparable
to that of DDA-Br."’

To evaluate whether this quaternary phosphonium salt could
provide better surface passivation for CsPbBr; NCs compared
to quaternary alkylammonium-based salts, we also performed
the same ligand exchange procedure using the corresponding
ammonium bromide pair, that is, trimethyl(tetradecyl)-
ammonium bromide (TTN-Br). Surprisingly, ligand exchange
with TTN-Br led to the precipitation of CsPbBr; NCs, which
could not be redispersed in any organic solvent. Therefore, we
decided to compare the stability of TTP-Br-capped CsPbBr;
NCs to that of DDA-Br-capped NCs, which are widely
regarded as a benchmark system due to their near unity PLQY
and high colloidal stability under various ambient stimuli such
as heat, solvent washing, and upon long-term storage.'**
Additionally, the ligand exchange procedure that we employed
to prepare TTP-Br-capped NCs is analogous to the one
reported to prepare DDA-Br-capped NCs, with the starting
point being Cs-oleate-capped CsPbBr; NCs in both cases.®
This allows for a clear comparison between the two ligands, as
the two end products feature the same inorganic core but
different ligand shells.

The comparison was done by exposing both NC solutions to
air for a time span of 6 weeks, during which the TTP-Br-
capped NCs exhibited higher stability compared to DDA-Br-
capped NCs, retaining ~ 90% of their initial PLQY at the end
of this time span, while the DDA-Br-capped NCs retained only
~ 76% of their initial PLQY. The higher air stability of the
TTP-Br-capped NCs, along with the fact that TTP-Br ligands
are less bulky and, therefore, likely more electrically conductive
than DDA-Br (DDA" has two dodecyl alkyl chains, while
TTP* has only one tetradecyl alkyl chain), motivated us to
fabricate green-emitting LED devices with both TTP-Br-
capped and DDA-Br-capped NCs and make a comprehensive
comparison. The LEDs with TTP-Br-capped NCs achieved a
maximum external quantum efficiency (EQE) of 17.2% at high
luminance of 2600 cd m™, significantly surpassing the EQE of
LED with DDA-Br-capped NCs, which had 7.4% EQE.
Moreover, stability tests under operation conditions showed
higher operational stability of TTP-Br LEDs in comparison
with the DDA-Br-capped counterparts.

We synthesized TTP-Br using a one-pot synthesis approach,
which involves the nucleophilic substitution reaction of
trimethylphosphine with tetradecyl bromide (eq 1, Scheme
S1) with a reaction yield of ~ 75% (see the Experimental
Section, Figures S1—S3 and Scheme S1 of the Supporting
Information, SI, for details).

https://doi.org/10.1021/acsenergylett.5c00124
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Figure 1. (a) TEM micrograph of TTP-Br-capped CsPbBr; NCs. (b) X-ray diffraction pattern of TTP-Br-capped CsPbBr; NCs and reference
CsPbBr; orthorhombic bulk reflections (ICSD Number 243735). (c) XPS P2p spectra of TTP-Br- and Cs-Oleate-capped CsPbBr; NCs. (d)
FTIR spectra of the TTP-Br ligand and TTP-Br- and Cs-oleate-capped CsPbBr; NCs. (e) "H NMR spectra at 298 K of Cs-oleate- and TTP-
Br-capped CsPbBr; NCs (see the Supporting Information for more details). (f) 2D NOESY spectrum of TTP-Br-capped CsPbBr; NCs at

313 K (see Supporting Information for the detailed spectrum).

(CH,),P + C,H,y-Br — C,,H,o(CH,),P*-Br~ (1)

The purified TTP-Br salt is soluble at room temperature in
various organic solvents, including chloroform and partially in
toluene, therefore it could be readily employed in a ligand-
exchange procedure involving Cs-oleate-capped CsPbBr; NCs.
Cs-oleate-capped CsPbBr; NCs were synthesized following the
well-established hot injection protocol reported by Imran et al.
with minor modifications (see the Experimental Section).'®*’
The ligand exchange process was performed as follows: after
quenching the synthesis of Cs-oleate-capped NCs, 2 mL of a
25 mM solution of TTP-Br in chloroform/toluene (10% v/v)
was added to a portion of the crude reaction solution (3 mL)
containing 0.09 mmol of CsPbBr; NCs. The reaction was
allowed to proceed for 20 min under a nitrogen atmosphere,
after which the product was washed with ethyl acetate and
redispersed in toluene (see the Experimental Section for more
details).

Upon ligand exchange with TTP-Br, the NCs retained their
cubic shape, with a slight size reduction from 9.7 + 1.2 nm
(Figure S4a) to 8.9 + 1.6 nm (Figure la), indicating a minor
etching of the NCs, compatible with what was reported for the
DDA-Br case.' X-ray diffraction (XRD) patterns of the
CsPbBr; NCs before and after the exchange featured the
characteristic peaks of the CsPbBry orthorhombic phase
(ICSD Number 243735) at 15.05°, 21.54°, and 30.56°,
corresponding to the (100), (110), and (200) lattice planes,
respectively (Figures 1b and S4b). To further investigate the
effects of the ligand exchange procedure, we performed X-ray
photoelectron spectroscopy (XPS) measurements. Upon
exchange with TTP-Br, the relative atomic percentage of O
decreased from 9.3% to 2.8%, while the Br/Pb atomic ratio
increased from 2.28 to 2.75 (Table S2 and Figures SS and S6).
Moreover, the final sample exhibited additional XPS peaks at
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132.6 and 133.4 eV, ascribed to P 2p, corroborating the
effective anchoring of TTP-Br onto the NCs’ surface (Figure
Ic). The presence of homogeneously distributed P on the
TTP-Br-exchanged CsPbBr; NCs was further confirmed by
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) energy-dispersive X-ray spectros-
copy (EDX) mapping (Figures S7 and S8 and Tables S3 and
S4).

To assess the degree of the Cs-oleate — TTP-Br exchange
and to reveal the ligand shell composition of the exchanged
NCs, we performed both Fourier-transform Infrared (FTIR)
and NMR analyses. The FTIR spectra of the NCs before and
after the TTP-Br exchange revealed a significant replacement
of oleate species with TTP-Br: (i) a reduction in the peaks at
1710 and 1535 cm™' corresponding to the asymmetric and
symmetric stretching vibrations of the C=O and COO~
groups, respectively (Figure S9); (ii) the emergence of a
peak at approximately 990 cm™, attributable to the P—C
stretching vibrations (Figure 1d).””*" Similarly, the '"H NMR
spectra of CsPbBr; NCs before and after ligand exchange with
TTP-Br showed a reduction of the signal at 5.48 ppm, ascribed
to the protons of the double bond in the oleate species, along
with the appearance of broad peaks between 2.01 and 2.84
ppm (Figure le). Such peaks were attributed to the Me;-P
groups of TTP-Br bound to the surface of the NCs (see
Figures S1—S3 and Figures S10—S12 for complete signal
assignments of the TTP-Br ligand and TTP-Br-capped
CsPbBr; NCs). At 298 K, the free TTP-Br ligand was
observed to form micelles or aggregates in toluene-d, as
indicated by the "H—'"H NOESY spectrum (Figure S13). To
ensure complete solubility of TTP-Br and accurate assignment
of the peaks on the NCs’ surface, NMR measurements of the
TTP-Br ligand as well as TTP-Br-capped NCs were conducted
at 313 K (Figure S14—S16). The dynamic interaction of the

https://doi.org/10.1021/acsenergylett.5c00124
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TTP-Br ligand with the NCs’ surface was demonstrated by
'H—'H NOESY at 313 K,"” which evidenced negative (red)
NOE cross peaks for the TTP-Br-capped NCs (Figure 1f),
typical of species with a long correlation time (z.), i.e. with a
slow tumbling regime in solution. Positive (blue) NOE cross-
peaks were observed for the free TTP-Br at 313 K,
characteristic of a molecule with the fast-tumbling regime in
solution (Figure S15). To quantify the extent of Cs-oleate —
TTP-Br replacement, we performed a quantitative NMR (g-
NMR) analysis of the final NC sample dissolved in deuterated
dimethyl sulfoxide (Figure S17), coupled with elemental
analysis of the same solution performed via inductively
coupled plasma optical emission spectroscopy (ICP-
OES).*"* Our results indicate that 92% of the ligand shell
was composed of TTP-Br, while the remaining 8% consisted of
Cs-oleate, with a calculated surface density of 1.28 TTP-Br
molecules per nm? and 0.10 oleate species per nm? (see Table
SS in the Supporting Information for details).

In order to assess the potential advantages of using TTP-Br
compared to quaternary alkyl ammonium salts in the
passivation of CsPbBr; NCs, we carried out the same ligand
exchange procedure using trimethyl(tetradecyl)ammonium
bromide (TTN-Br), the ammonium analogue of TTP-Br.
Unfortunately, the NCs precipitated during the exchange and
the collected product could not be redispersed in toluene nor
in chloroform. Therefore, we decided to compare the TTP-Br-
capped NCs with DDA-Br-capped ones, the latter representing
one of the best CsPbBr; NC systems regarding PLQY and
colloidal/air stability.'' DDA-Br-capped NCs were prepared
using the same ligand exchange protocol employed for TTP-
Br-capped NCs, starting from Cs-oleate-capped NCs (see the
Experimental Section for details). The resulting DDA-Br-
capped NCs had a size of 8.8 + 1.9 nm, with XRD patterns
corresponding to the orthorhombic phase of the CsPbBr; NCs
(Figure S18). Similar to our previous reports, XPS and FTIR
analyses confirmed the surface binding of the DDA-Br ligand
on the NCs (Table S2, Figures S19 and $20).'° The NMR
measurements confirmed the effective binding of DDA-Br
ligand on the NCs’ surface (Figures S21—S25), with DDA-Br
and Cs-oleate coverage of 1.32 and 0.27 ligands/nm?
respectively (Table S5 and Figure $26).'%*

In terms of optical properties, both TTP-Br- and DDA-Br-
capped NCs exhibited a slightly blue-shifted PL and excitonic
absorption peaks with respect to the initial Cs-oleate-capped
NCs (Table 1, Figure 2a), consistent with the slight reduction

Table 1. Optical Properties of the Different NC Samples in
Solution at Room Temperature

NCs  Abs,. PL.. fwhm PLQY (%) PLQY (%) 1z,
sample (nm)  (nm)  (nm) week 1 week 2 (ns
Cs-oleate 508 S17 18.5 62+ 6 36 + 4 8.86
DDA-Br 505 S12 17.2 ~98 ~100 10.74
TTP-Br 506 514 18.0 91+9 96 + 9 11.29

in size observed after the exchange in both cases. The PLQY
increased from 62 + 6% to 91 + 9% in the case of TTP-Br-
capped NCs and to 98 &+ 9% in the case of DDA-Br-capped
NCs (Table 1). PL decay measurements revealed that the PL
lifetime (Tavg) increased in solution for both the DDA-Br and
TTP-Br samples, from 8.86 ns (for Cs-oleate-capped NCs) to
10.74 and 11.29 ns, respectively (Figure 2b, Figure S27, and

Table S6). As these increases in PL lifetime go hand in hand
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with increases in PLQY, we conclude that fast, nonradiative
recombination is significantly reduced in these ligands
exchanged NCs, most likely due to more effective surface
passivation. PL measurements performed in thin films at
temperatures ranging from 7 K to 267 K indicated that both
DDA-Br and TTP-Br-capped NCs featured the typical
temperature-dependent behavior of lead halide perovskite
NCs, that is, (i) a blue shift of the PL emission and (ii) an
increase in PL lifetime when raising the temperature from 7 K
to 267 K (see Figure S28 and Tables S7 and S8 of the
Supporting Information for details).””** The temperature-
dependent blue-shift is attributed to the thermal expansion of
the perovskite lattice,”® which reduces the overlap between the
Pb 6s and Br 4p orbitals and results in a lower energy of the
antibonding crystal orbital at the valence band maximum,
leading to an increase in the bandgap energy.”*** The shorter
average lifetime at lower temperatures is consistent with the
exciton ground state being a bright triplet for NCs of sizes
around 9—10 nm (as those studied in this work) or beyond, in
agreement with previous experimental and theoretical
works, 103637

To evaluate the stability of all the samples, we exposed NC
dispersions in toluene to air for a period of 6 weeks. Among
the three samples, TTP-Br-capped NCs exhibited the best
stability featuring a PLQY of ~85% at the end of the test, while
DDA-Br- and Cs-oleate-capped NCs exhibited a PLQY of ~76
and ~3%, respectively (Figure 2d). Both the TTP-Br- and
DDA-Br-capped NCs were observed to slightly increase in size
from 9.8 + 1.8 nm to 10.3 + 1.6 nm after 6 weeks of exposure
to air (Figure S29), likely due to a slow Oswald ripening
process. XRD patterns of DDA-Br and TTP-Br-capped NCs
exposed to air after 6 weeks were compatible with the presence
of the orthorhombic phase of CsPbBr; crystal structure, with
no evidence of secondary phases, indicating good structural
stability in both samples (Figure S30). Quaternary phospho-
nium/ammonium ions have a stable positive charge, unlike, for
example, primary ammonium or carboxylate ions, which can be
instead deprotonated/protonated upon exposure to air
(operated by humidity/water present in the air). This prevents
these ligands from losing their charge, allowing them to
continue binding to the surface of the NCs even upon
exposure to air. We believe that this property enables these
ligands to sufficiently protect the NCs from water/humidity,
which is known to trigger the phase change from CsPbBr; to
Cs,PbBrg ' Indeed, even after extending their exposure to
air for up to a period of two months and a half, both the TTP-
Br-capped and DDA-Br-capped CsPbBr; NCs did not
transform, not even partially, into Cs,PbBrs, or into other
phases, as proven by XRD analyses (Figure S31).

To better understand how phosphonium ligands bind to the
surface of CsPbBr; NCs and whether this differs significantly
from quaternary ammonium ligands, we performed DFT
calculations (details in the Experimental Section). We first
examined the binding characteristics of a single ion pair on the
NC surface. To do this, we constructed a cubic, charge-
balanced CsPbBr; NC model with a ~ 2.4 nm edge-size and
replaced one CsBr unit from the outer AX shell with either a
TTP-Br or DDA-Br ion pair. Upon structural relaxation, we
observed that the phosphonium group oriented one of its P—
CH,; bonds perpendicular to the NC surface, similar to the
orientation observed for the quaternary ammonium group
(Figures 2¢ and $32).'° The calculated binding energies for
TTP-Br (42.7 kcal/mol) and DDA-Br (45.2 kcal/mol) were
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Figure 2. (a) UV—visible absorption and PL spectra of Cs-oleate-, DDA-Br-, and TTP-Br-capped CsPbBr; NCs. (b) PL decay profile of Cs-
oleate-, DDA-Br-, and TTP-Br-capped CsPbBr; NCs. (c) Binding configuration of TTP-Br- ligands sitting in the A-site of the CsPbBr; NCs’
surface. (d) PLQY stability of Cs-oleate-, DDA-Br-, and TTP-Br-capped CsPbBr; NCs over time at ambient storage conditions.

a
b ... 21 22 S T va—
2.7 S
[ lGlass/ITO _ -3] ” S0 30 >
— “I:_)I%‘RPSS % "@ N . LiF/Al g
3 . PVK g -4 o § g E E E
ful —
L = T EE—— NCs Q = g a
-...._~_;'“"”-", ~_TPBi S 5147 5,0 3
— LiF 52 53
Al -6 1 -5.8
jio- -6.2 . . : " r
3 7 400 450 500 550 600 650 700
o Wavelength (nm)
d e f
& 10 -
€ 102{ TTP-BrNCs r10* o TTPBrNCs| 2 10 31.00
o . - © 'Y ;- |—— DDA-Br NCs
2 . - <
E 10" E::ﬁ]r:n?:znslty 102 E 107 o DDA-BrNCs E 20,75 TTP-Br NCs
= 10° 2 5050
s 2 061 £0.25
21074 = 1 £
Q402 8 041 2% %0 20 3
= N Time (minutes)
£10° S 0.2;
~ Po, (YY) R S
o104 Le 222 08 1401 - ; ; —'2 0.0 —_——
6o 1 2 3 4 5 6 102 107 10° 10" 102 < 0 50 100 150 200 250 300
Bias Voltage (V) Current Density (mA/cm?) Time (minutes)

Figure 3. (a) Double HTL LED device configuration based on TTP-Br-capped CsPbBr; NCs. (b) Band-energy alignment of TTP-Br-capped
CsPbBr; NCs with charge injection layers. (c) PL spectrum of TTP-Br-capped CsPbBr; NC film and EL spectra of the double HTL LED at
different applied voltages. (d) Current density and luminance versus driving voltage curves of the double HTL TTP-Br-capped CsPbBr; NC-
based champion LED device. (e¢) EQE versus current density of the double HTL LEDs champion devices based on TTP-Br-capped and
DDA-Br-capped CsPbBr; NCs. (f) Stability of the EL intensity under operation conditions with the initial luminance of 500 cd/m?, while the
inset shows the intensity of light plotted over time with an applied bias of 7 V.

also comparable and in line with reported values for primary such as sulfobetaine (41.0 kcal/mol), at similar theoretical
alkylammonium bromide (45.3 kcal/mol), secondary alkylam- levels of calculations.”"”” This consistency has been ascribed to
monium bromide (48.2 kcal/mol), and zwitterionic ligands the dominance of electrostatic interactions in determining the
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binding strength with the perovskite NC surface, regardless of
the type of anchoring group used. To investigate the enhanced
PL and stability of NCs passivated by TTP-Br ligands, we
replaced CsBr units on all six facets with alkyl phosphonium
bromide pairs, achieving a surface concentration of 1.27
ligands/nm*—consistent with the experimental 1.28 ligands/
nm® To reduce system size and computational cost, we
simplified TTP-Br by replacing the tetradecyl group with an
ethyl group. As shown in Figure S33, the electronic structure
remains free of midgap states, with a fully delocalized valence
band maximum, similar to quaternary ammonium passiva-
tion.'® In contrast, purely Cs-oleate-capped NCs, as demon-
strated by earlier DFT calculations,"” exhibit trap states at both
high and low ligand concentrations, localized on the oxygen
atoms in the carboxylate anchoring groups. This enables
nonradiative recombination and contributes to the suboptimal
PLQY observed in experiments. Ligand exchange with
phosphonium or quaternary ammonium pairs effectively
eliminates oxygen-related defects.

The improved air stability of TTP-Br-capped NCs, along
with the fact that TTP-Br is less bulky and likely less
electrically resistive than DDA-Br, could lead to improved
charge injection. This motivated us to test these NCs in
optoelectronic devices, specifically LEDs. The LEDs were
prepared using a conventional structure in which the emissive
layer is sandwiched between a hole transport layer (HTL) and
an electron transport layer (ETL), with the HTL being
deposited first. As HTL layers, we tested poly(triaryl amine)
(PTAA) and polyvinyl carbazole (PVK), while as the ETL, we
employed 2',2'-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimi-
dazole) (TPBi). We compared our devices with a double HTL
(PTAA/PVK) architecture, namely, ITO/PEDOT:PSS/
PTAA/PVK/CsPbBr; NCs/TPBi/LiF/aluminum (Figure
3a), to those with a single HTL using either PTAA or PVK.
Here, PEDOT is poly(3,4-ethylenedioxythiophene) and PSS is
polystyrenesulfonate. A statistical EQE study demonstrated the
significant superiority of double HTL LEDs over those with
single HTL (Figure S34), showing that the double HTL
architecture can achieve optimal band alignment and efficient
hole injection into the emissive layer, thereby improving the
charge balance in the active layer.*’ Figure 3b illustrates the
band alignment of the emitting layer, as determined by UPS
analysis and optical absorption spectra (Table S9 and Figures
S35 and $36). It also depicts the energy levels of all other
layers of the double HTL architecture, as well as those of the
electrodes. The energy level values of ITO, PEDOT:PSS,
PTAA, PVK, TPBi, and LiF/Aluminum layers (Figure 3b)
were taken from our previous work.*' The electroluminescence
(EL) spectrum of the LED showed an emission peak at 516
nm with a full width at half-maximum (fwhm) of 18 nm (~84
meV), consistent across all voltages (Figure 3c). This matched
the PL spectrum of the solid TTP-Br-capped NC film (PL
peak at 514 with fwhm of ~ 17.7 nm; thin film images of TTP-
Br-capped and DDA-Br-capped NCs are presented in Figures
S37 and S38), with only a minor red shift observed in the peak
position of EL spectra (Figure 3c). No other EL peaks were
observed, indicating the absence of deep traps or interlayer
emission. The 1931 CIE diagram of the EL spectrum, obtained
at a 6 V operating voltage (Figure S39), showed that the LED
had CIE coordinates (x = 0.084, y = 0.775), indicating a high
degree of saturation in the green region, which translated to a
vibrant and intense green emission (see also the inset of Figure
3c). The gamut coverage of the green LED fell well within the
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Rec.709 color space, making it interesting for integration into
displays. The LEDs statistically exhibit a turn-on voltage
between 2.6 and 3 V, which is slightly higher than the bandgap
energy of the emissive layer (CsPbBr; NCs). The champion
device demonstrated a luminance exceeding 10000 cd/m*
(Figure 3d) at a current density of 43 mA/cm”. The maximum
EQE of the champion TTP-Br-capped NCs LED was 17.2%,
and it was achieved at a luminance of 2600 cd/m?
corresponding to an operation voltage of 4.3 V and a current
density of 5.8 mA/cm® (Figure 3e). This relatively high EQE
can be attributed to the high luminance of LEDs based on
TTP-Br-capped NCs, which allowed efficient light emission
while maintaining a relatively low current density.

The performance of the TTP-Br-capped NC LEDs was
compared to that of the DDA-Br-capped NC LEDs based on
the very same architecture. The current density and luminance
versus driving voltage curves for the double HTL-based DDA-
Br-capped NC LED are presented in Figure S40. The
maximum luminance achieved was 1313 cd/m? while the
EQE reached a maximum value of 7.4% (Figure 3e), consistent
with what was reported in a previous work from our group on
similar LEDs.*" Tt is worth highlighting that although our
reported EQE is lower than the state-of-the-art value of
28.9%,* it represents a significant improvement over the
highest EQE values reported for LED based on NCs capped by
long-chain ligands (~15%, 9.8%, and 13.4%), specifically for
DDA-Br-capped NCs.”**"**** To investigate the origins of
performance differences between TTP-Br-capped and DDA-
Br-capped NC LEDs, we performed space-charge limited
current (SCLC) measurements. The hole carrier mobility ()
was determined for both DDA-Br-capped and TTP-Br-capped
NCs-based devices by fitting their dark J-V curves to the SCLC
model (Figure S41ab, Table $10).*** The TTP-Br-capped
NC-based device exhibited a higher hole mobility (1.43 X 107
em? V7' s7') compared to the DDA-Br-capped NCs (6.87 X
1077 ecm® V' s7'). Moreover, the trap-filled limit voltage
(Vrp) of the device based on TTP-Br-capped NCs (0.27 V)
was lower than that of the device based on DDA-Br-capped
NCs (0.36 V), suggesting that TTP-Br-capped NCs feature a
lower density of surface traps and better surface passivation.
Since both TTP-Br-capped and DDA-Br-capped samples
exhibit comparable PLQY values, the superior charge transport
in TTP-Br NCs likely contributes to the enhanced EQE
observed in TTP-Br-based LEDs. The performance of the
LEDs and the stability of the DDA-Br-capped and TTP-Br-
capped NCs in solution motivated us to evaluate the
luminance stability of the LEDs over time. To mitigate
environmental effects, DDA-Br-capped and TTP-Br-capped
NC LEDs were encapsulated with epoxy resin and tested under
a constant applied voltage, corresponding to an initial
luminance of 500 cd/m* (Figure 3f). After an initial rise, the
luminance began to degrade, and the performance was assessed
using the half-lifetime (Ts,) criterion.™ The initial increase in
light intensity during stability tests may result from ion
migration, defect passivation, and charge redistribution, leading
to a transient electroluminescence enhancement.*® The TTP-
Br-capped NCs LED exhibited a T, of 49 min, while the
DDA-Br-capped NCs LED reached Ty, after 30 min.
Furthermore, we examined the LEDs stability under high-
luminance conditions by applying a voltage of 7 V and
monitoring the luminance decay over time (inset of Figure 3f).
No significant differences between DDA-Br-capped and TTP-
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Br-capped NC LEDs were observed under high luminance,
with both showing a T, of only a few minutes.

In summary, we prepared trimethyl(tetradecyl)-
phosphonium bromide (TTP-Br), a quaternary alkyl phos-
phonium halide salt, and tested it in a postsynthesis ligand
exchange procedure involving colloidal Cs-oleate-capped
CsPbBr; NCs. As a result of the Cs-oleate — TTP-Br
exchange, the PLQY of CsPbBr; NCs increased from 62% to
91%. NMR analyses confirmed the successful ligand replace-
ment, indicating a final ligand shell composed of 92% TTP-Br
(with a density of 1.28 ligands/nm?) and 8% Cs-oleate. The air
stability of TTP-Br-capped NCs was compared to that of
DDA-Br-capped NCs, which are considered a standard due to
their high PLQY and air stability. After 6 weeks of air exposure,
TTP-Br-capped NCs retained 90% of their PLQY, while the
DDA-Br-capped NCs retained only 76%. DFT calculations
revealed that TTP" ions bind to the NCs’ surface by occupying
A-sites and orienting one of their P—CHj bonds perpendicular
to the NC surface. The calculated binding energy is 42.7 kcal/
mol, comparable to that of DDA-Br or alkylammonium-Br
species in general. The higher air stability of TTP-Br-capped
NCs compared to that of DDA-Br-capped NCs, along with the
fact that TTP-Br ligands are less bulky and, therefore, likely
less electrically resistive than DDA-Br, motivated us to
fabricate green-emitting LED devices based on TTP-Br-capped
NCs. Our LEDs achieved a maximum EQE of 17.2% at a
luminance of 2600 cd m™2 surpassing the values reported to
date for DDA-Br-based LED devices (~15%). Our work
demonstrates that alkylphosphonium salts represent a promis-
ing class of ligands for the surface passivation of perovskite
NCs. Further engineering of the groups bound to the
phosphonium head could potentially lead to optimized ligands
capable of boosting the performance of perovskite-based
optoelectronic devices.
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