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Optimizing Carrier Balance in CsPbBr; Nanocrystal LEDs:
The Role of Alkyl Ligands and Polar Electron Transport

Layers
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Fengshuo Zu, Aladin Ullrich, Anna Abfalterer, Alexander S. Urban, Norbert Koch,

Denis Andrienko, Marcus Scheele, and Wolfgang Briitting*

The study of lead halide perovskite nanocrystal based light-emitting

diodes (LEDs) has advanced significantly, with notable improvements in
stability and optical properties. However, optimizing charge carrier injection
and transport remains a challenge. Efficient electroluminescence requires

a balanced transport of both holes and electrons within the emitting material.
Here, cubic CsPbBr; nanocrystals passivated with oleylamine and oleic

acid are investigated, comparing them to ligand-exchanged nanocrystals with
didodecyldimethylammonium bromide (DDABYr). Nuclear magnetic resonance
spectroscopy and transmission electron microscopy confirm successful ligand
exchange, revealing reduced ligand coverage in DDABr-treated nanocrystals.
Photoelectron spectroscopy, spectroelectrochemistry, and single-carrier de-
vices indicate improved hole injection in DDABr-capped nanocrystals. Density
functional theory calculations further reveal the influence of ligand type and
coverage on energy levels, with oleic acid introducing localized states in native
nanocrystals. Additionally, incorporation of a polar electron transport layer
enhances LED performance by over an order of magnitude in DDABr-capped
nanocrystals, driven by improved charge balance arising from the spontaneous
orientation polarization of the electron transport layer. These findings highlight
the critical role of ligand selection, passivation degree, and charge transport
control by the adjacent organic transport layers in optimizing LED efficiency.

1. Introduction

Lead halide perovskite nanocrystals (LHP-
NCs) have gained significant attention in
the field of optoelectronics due to their
extraordinary optical and electronic prop-
erties, which make them highly promis-
ing candidates for light-emitting applica-
tions, particularly in perovskite-based light-
emitting diodes (PeLEDs).[!l The typical
composition of these materials is denoted
by the formula ABX;, where A is an
organic or inorganic monovalent cation
(e.g., methylammonium (MA™), formami-
dinium (FA*), or cesium (Cs*)), B is
a divalent metal cation (typically lead,
Pb?*), and X is a halide anion (Cl-, Br-,
or I7). By varying the halide composi-
tion, the emission wavelength of LHP-
NCs can be precisely tuned across the
entire visible spectrum. This flexibility
makes them attractive for full-color dis-
plays with narrow emission linewidths (full-
width at half-maximum, (FWHM) of less
than 20 nm), providing high color purity
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Figure 1. Schematic of a) oleyl amine b) oleic acid and c) didodecyldimethylammonium bromide (DDABY).

while exhibiting high photoluminescence quantum yield (PLQY)
close to unity.[!]

One of the key advantages of LHP-NCs is their solution-based
colloidal synthesis, which allows for low-cost, scalable manu-
facturing methods like spin-coating or inkjet printing.>* This
positions them as an alternative to other materials like organic
emitters®! and quantum dots (QDs),!® which often require more
complex or expensive deposition and synthesis techniques. An-
other attractive property of LHP-NCs is their defect tolerance.”!
Their ability to maintain high PLQYs despite the presence of
crystal defects reduces the need for extensive defect engineering,
which is often required in other semiconductors like II-VI quan-
tum dots or I1I-V materials.[®®] These properties make LHP-NCs
highly attractive for next-generation displays, lighting, and lasers,
as well as other optoelectronic applications. However, despite
their outstanding properties, there are still several challenges that
must be addressed to fully realize their application potential.[*10]

A significant bottleneck in leveraging LHP-NCs for device ap-
plications lies in their imbalanced charge transport characteris-
tics. Efficient charge injection in LHP-NC-based devices is often
hindered by the insulating nature of the long alkyl chain ligands
typically oleylamine (OAm) and oleic acid (OA) used during syn-
thesis (Figure 1a,b). These ligands not only act as capping agents
and aid precursor dissolution for colloidal NC formation,!'!] but
their structural features such as the bent conformation of oleic
acid due to the cis-double bond at the 9th carbon reduce van der
Waals interactions among hydrocarbon chains, enhancing NC
dispersibility and influencing their morphology and size.[1%12:13]
While these long-chain ligands ensure colloidal stability and sup-
port high PLQY, they simultaneously impede charge transport in
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PeLEDs. Additionally, the inherent imbalance between electron
and hole transport can further reduce PeLED efficiency, likely
due to enhanced Auger recombination losses.'*] One promising
strategy to address these limitations involves ligand exchange,
which directly tunes the optoelectronic properties of the NCs.[1%!
This typically entails replacing insulating ligands with shorter
or more conductive alternatives,['*] or introducing multidentate
and zwitterionic ligands to strengthen surface binding."! Al-
though parameters like alkyl chain length and ligand coverage
have been systematically investigated for their effects on PeLED
performance,['®7] the specific role of the ligand’s anchoring
group remains comparatively underexplored.
Didodecyldimethylammonium bromide (DDABr) (Figure 1c)
has emerged as one of the most promising candidates for ligand
exchange in LHP-NCs for LED applications.!*¥! DDABr is a qua-
ternary ammonium salt with a bromide anion (Br~) and a large
organic cation (DDA™) that offers multiple advantages in surface
passivation and device performance. For example, the Br~ anion
can fill halide vacancies in the perovskite structure, reducing sur-
face defects that would otherwise lead to non-radiative recombi-
nation and lower PLQY, while the double alkyl chains of DDA*
cations provide steric protection to the perovskite NCs,!1%1] pre-
venting them from aggregating and maintaining colloidal stabil-
ity. The length of the carbon chain is reduced in comparison to
OA/OAm, implying a potentially closer packing of NCs with im-
proved charge transport. In addition to this, several reports sug-
gest an improved operational stability and higher efficiency in
PeLEDs while employing DDABr ligands onto their NCs.[18:20-24]
In this work, we address the importance of the anchoring
group in these alkyl ligands attaching to the NC surface and its
effect on carrier injection and transport in PeLEDs. Specifically,
we investigate changes in film morphology, electronic properties
and carrier transport following ligand exchange on “native”, i.e.,
CsPDbBr; NCs originally capped with OA and OAm, and compar-
ing them to DDABr-exchanged NCs. Quantification on the lig-
and coverage, the NC packing and electrical accessibility of the
NCs is supported by transmission electron microscopy (TEM),
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Figure 2. TEM image of a) OA/OAm covered NCs and b) DDABr covered NCs with size distribution as inset.

nuclear magnetic resonance (NMR) spectroscopy and spectro-
electrochemistry. The origin for the enhanced performance in
PeLEDs with DDABr capped NCs is revealed by photoelectron
spectroscopy and single carrier devices in combination with den-
sity functional theory (DFT) studies providing insights into the
ligands’ influence on the electronic properties of the NCs. In ad-
dition to ligand influence, the impact of spontaneous orientation
polarization (SOP), particularly when using electron transport

DDABr *
DDABr NCs
*
WY SR— TS
OA/OAmM NCs
J_J)t( I
1

. A
6 5 4 3
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Figure 3. "H NMR spectra (in toluene-d8) of DDABr as reference (black),
ligand exchanged DDABr-covered NCs (green) and native OA/OAm NCs
(brown).
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layers (ETLs) with a significant permanent dipole moment, fur-
ther improves charge carrier balance in PeLEDs.

2. Results and Discussion

2.1. Ligand Exchange and Film Morphology

The as-received native colloidal NC suspensions incorporate X-
type OA and L-type OAm ligands (Figure 1a,b) as passivating
molecules.’] As mentioned earlier, although long alkyl ligands
are essential for colloidal stability, they are not favorable for
charge injection. Despite various proposed mechanisms on the
binding of OA and OAm ligands, it is established that they bind
only weakly and are highly dynamic.'%! As a result, these ligands
can easily detach from the surface, compromising colloidal stabil-
ity. In contrast, DDABr (Figure 1c), with its shorter alkyl chains,
significantly improves colloidal stability by simultaneously ex-
changing anionic and cationic sites on the NC surface.[1o19] A
detailed description on ligand exchange and film fabrication pro-
cesses is provided in the Experimental section.

Transmission electron microscopy images of both the native
and ligand-exchanged NCs are presented in Figure 2a,b. Al-
though some etching of the NCs during ligand exchange was
expected,!1*2¢] these images show that the size distribution of the
ligand-exchanged NCs remains largely unchanged compared to
the native system, with an average NC size of approximately 8 nm
in both cases. However, the inter-particle distance in the ligand-
exchanged system is more than halved relative to the native NCs,
from about 2.8 to 1.3 nm. This reduction in inter-particle dis-
tance could be attributed to two factors. First, the ligand exchange
process includes intermittent washing steps which remove a sig-
nificant portion of the surface ligands, resulting in partial cov-
erage by DDABr only (see Experimental section for further in-
formation). Second, the two aliphatic tails of the DDABr ligands
may adopt a conformation in which they lie nearly parallel to the
NC surface, further reducing inter-particle spacing. This reduced
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Figure 4. Exemplary spectro-electrochemistry measurement on DDABr-capped CsPbBr; NCs (after one washing step). a) Cyclic voltammetry scan
measured at a scan speed of 2mV/s in PC/TBAHFP (0.1 M) with arrows indicating the scan direction. b) Potential-dependent PL spectra with marked
onset potentials of the oxidation (green dashed line) and the switching potential (red solid line). c) Normalized potential-dependent PL intensity at the
emission peak extracted from b). d) Spectra slices at the oxidation potential and switching potential extracted from b). e) Graphical summary of the

results for native and DDABr capped NCs after one and two washing steps.

spacing enhances electronic coupling between NCs, which is ad-
vantageous for charge transport, however, in the next section, we
shall discuss that this improvement mostly affects the positive
carriers, i.e., holes only.

To confirm the exchange of the organic ligand shell, '"H NMR
spectroscopy was performed. Figure 3 shows a comparison of the
spectra of native NCs covered with OA/OAm, DDABr-covered
NCs and DDABr alone in toluene-d. The spectra display the dis-
appearance of the alkene protons of OA/OAm at approximately
5.5 ppm (marked by x) for DDABr NCs. In addition, a signal at
4 ppm arises in the exchanged sample, which can be assigned
to the protons at the methyl groups of DDABr (marked by *).
This signal shows a peak broadening and a downfield shift which
is consistent with a DDABr species bound to NCs.[1*?7] Both of
these determined signals indicate a successful ligand exchange
from OA/OAm to DDABEr. Further investigations by quantitative-
NMR (gNMR) spectroscopy (see Figure S1, Supporting Informa-
tion) on the ligand coverage indicate about 226 ligands/NC for
DDABr NCs after two washing steps.

Additionally, PLQY and time resolved photoluminescence
(TRPL) measurements were performed on the native and ligand
exchanged samples in solution as well as thin films (see Support-
ing Information, Tables S1- S3 and Figure S2). Since the ligand
exchange strategy was inspired from the approach of Dai et al.,!%]
particular care was taken to avoid damaging or etching the NC
surfaces during processing. The consistently high solution-state
PLQY values of about 88% for both samples confirm that the
ligand exchange preserves the structural and optical integrity of
the nanocrystals. For thin-film samples we observe a decrease
to about 55% for the native NCs, while the value for DDAB1-
exchanged NCs is significantly lower, most likely due to the effect
of ambient exposure of these samples, as discussed in the Sup-
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porting Information. Analysis of the PL decay curves indicates
longer exciton lifetime for DDABr-ligand exchanged NCs in solu-
tion (see Supporting Information, Table S2 and Figure S2). How-
ever, since PLQY remains basically unchanged, both the non-
radiative and radiative rates decrease to some extent. For thin
films we find shorter PL lifetimes than in solution, with the val-
ues for DDABr ligands again being probably affected by ambi-
ent exposure.

2.2. Electronic Properties
2.2.1. Spectro-Electrochemistry

One way to investigate the absolute band edge positions of NCs
is by spectro-electrochemistry (SEC).[28-3% The basic idea is that
by electrochemical charge injection into the NCs, their PL inten-
sity decreases, which can be monitored simultaneously by opti-
cal spectroscopy. In this work, the valence band (VB) position of
OA/OAm and DDABr capped NCs has been studied by SEC in
the oxidative regime. Additionally, the effect of varying ligand cov-
erage on the NC surface has been investigated, since ligand strip-
ping was reported to improve the performance of NC LEDs.[1¢]
An exemplary measurement of DDABr capped NCs after one
washing step is shown in Figure 4a—d. SEC-PL measurements
are conducted with a potential scan of 2 mV/s in a propy-
lene carbonate/tetrabutylammonium hexafluorophosphate solu-
tion (PC/TBAHFP) against a Ag pseudo-reference electrode (Ag
PRE). Before applying a potential to the samples, photobleach-
ing of the sample due to laser power is determined, with detailed
information in the Supporting Information (Figure S3). Cyclic
voltammetry in the oxidative direction (Figure 4a) displays a
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Figure 5. UPS data on native (brown) and DDABr capped NCs (green) spincoated on PTAA-covered ITO/PEDOT:PSS substrates (blue). a) Valence band
(top) and secondary electron cut-off (bottom) spectra. b) Schematic representation of energy level alignment obtained from UPS data.

current increase starting at 0.75 V, indicating the oxidation of
NCs, i.e., electron transfer from the NC to the working electrode,
followed by a potential sweep reversing at 1.2 V. The PL spectra
is recorded under applied bias in steps of 2 mV, and is depicted
as a heat map in Figure 4b. From the PL intensity over the ap-
plied bias (Figure 4c), a PL decay at the oxidation potential is ob-
served. Thereafter, a partial recovery of PL is observed as the po-
tential returns to the initial value. Spectral slices at the oxidation
onset and the switching potential reveal a slight red shift of the
oxidized NCs (Figure 4d). These measurements were also per-
formed on twice washed DDABr capped NCs and the native, i.e.,
OA/OAm capped NCs, also for single and doubly washed sam-
ples. (Figure S5- S7).

Finally, Figure 4e summarizes the oxidation poten-
tials determined for the four samples referenced to a fer-
rocene/ferrocenium redox couple (Figure S4, Supporting
Information) and to the vacuum scale. The obtained values are
in good agreement for the VB edge position in the range of -5.07
eV to -5.5 eV vs. vacuum, in comparison with previous work by
Mulder et al.l?! Overall, two trends can be deduced from this
data. First, washing leads to a decrease in the VB onset potential
by approximately 0.17 eV for DDABr-exchanged NCs and 0.1 eV
for native NCs. Second, DDABr shifts the VB edge by approxi-
mately 0.3 eV toward the vacuum level compared to OA/OAm
at similar ligand densities. It is to be noted that the DDABr
once-washed samples (with their VB energy at —5.07 eV relative
to the vacuum level) have been used further on throughout the
remainder of this work.

2.2.2. Photoelectron Spectroscopy
To gain deeper insight into the energy levels of CsPbBr; NCs

before and after ligand exchange, photoelectron spectroscopy
(PES) was conducted on thin films used in PeLEDs. NC films

Adv. Optical Mater. 2025, 01361 e01361 (5 of 13)

were deposited on ITO/PEDOT:PSS substrates coated with PTAA
(Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]), which serves
as the hole transport layer (HTL) in PeLEDs. Ultraviolet photo-
electron spectroscopy (UPS) was used to determine the energy
level alignment at the PTAA/NC interface. As shown in Figure 5a
(upper panel), the VB onset appears at 0.28 eV for PTAA, 0.65
eV for native NCs and 0.38 eV for DDABr-capped NCs. The sec-
ondary electron cutoff, i.e., the work function (Figure 5a, lower
panel) indicates a slight vacuum level shift for native NCs. The
corresponding energy level alignment depicted in Figure 5b and
reveals a significantly reduced hole injection barrier of only about
0.1 eV from PTAA into the NCs for DDABr ligands, while the bar-
rier is almost 0.4 eV for native NCs.

X-ray photoelectron spectroscopy (XPS) further confirmed
the chemical composition of both NC systems. Survey spectra
(Figure S8, Supporting Information) show an increased photo-
electron signal from perovskite core levels (Cs 3d, Pb 4f, Br 3d)
relative to C 1s in DDABr NCs, indicating successful ligand ex-
change. Quantitative XPS analysis (Figure S9 and Table S4, Sup-
porting Information) reveals a Br/Pb ratio increase from 1.85 (na-
tive NCs) to 2.57 (DDABr NCs), suggesting halide vacancies in
native NCs, which are subsequently filled by Br~ ions during lig-
and exchange. These vacancies introduce n-type defect states,?!]
which likely contribute to the observed energy-level shifts.

2.2.3. Single-Carrier Devices

A persistent challenge in PeLEDs that have native NCs as emit-
ter system is the imbalance in carrier transport, particularly, poor
hole transport.l3?] In this regard, single-carrier devices were fab-
ricated to assess the hole and electron transport in both the na-
tive and ligand-exchanged NC systems. Figure 6 illustrates the
hole-only (hollow circles) and electron-only (filled circles) devices
for the native and ligand exchanged systems. The analysis uses
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Figure 6. a) Current density vs voltage characteristics of single-carrier hole-only (hollow circles) and electron-only (filled circles) devices with native and
DDABr-capped NCs. Device stack of b) hole-only and c) electron only devices.

simple power-law dependencies of current density (j) on the ap-
plied voltage (V), which are characteristic for different transport
regimes.[**]

A first examination of the native system (brown color) reveals
a high electron current with an ohmic dependence on voltage,
indicating low resistance in electron conduction through the na-
tive system. In contrast, the hole current is extremely low, about
four orders of magnitude lower than the electron current, and
follows an almost quadratic dependence on voltage, which is typ-
ical for space charge-limited conduction (SCLC) according to the
relation, joo;c = (9/8) gy u X (V2/d?). With a NC layer thickness
of d = 30 nm and a dielectric constant of ¢ = 7,34l the hole mo-
bility u was determined to be approximately 6.5 X 1071% cm?/Vs.
Note that due to the absence of SCLC, electron mobility could
not be reliably estimated for the native NC system. However,
DDABr-capped NCs exhibit a more balanced carrier transport
(green color), with a significantly improved hole current com-
pared to the native system. Based on the observed SCLC behavior,
the hole and electron mobilities are estimated at approximately
2.1 X 107% cm?/Vs and 1.5 x 107% cm?/Vs, respectively. Notably,
the hole mobility increases by more than three orders of mag-
nitude after ligand exchange, providing strong evidence of en-
hanced hole injection and transport in DDABr-exchanged NCs.

2.3. DFT Calculations

Density functional theory calculations were carried out using the
CP2K software packagel®®! (version 9.1) to understand the elec-
tronic structure of native NCs and the effect of the various lig-
ands on the frontier molecular orbitals, i.e. the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), which corresponds to VB and conduction band
(CB), respectively. First, a neutral cubic model of CsPbBr; con-
taining 189 atoms (Css, Pb,,Br, ) possessing a dimension of 1.7

Adv. Optical Mater. 2025, 01361 e01361 (6 of 13)

nm was chosen with the Cs-Br terminated surface or facet to be-
gin the calculation on a bare NCI*®! — see Figure 7. Numerous ex-
perimental and theoretical reports support the fact that the Cs-Br
terminated surface is the commonly exposed surface rather than
the Pb-Br facet.’**%1 Furthermore, the anion/lead ratio (Br/Pb)
was fixed at 4.0 for this composition of the NC, which is the upper
bound and somewhat overestimated compared to the commonly
encountered ratio of 2.7-3.3.3¢ At this geometry and composi-
tion, the bare NC exhibited a bandgap of 2.69 eV (also denoted
as HOMO-LUMO gap in the following), which is a little larger
than the experimental value of 2.3 eV. This discrepancy can be at-
tributed to the size chosen for the bare perovskite NC, (which was
minimized to reduce computational cost), as well as the use of the
PBE functional in DFT calculations, which inherently involves a
trade-off, balancing the accuracy of the HOMO-LUMO gap esti-
mation. This has also been encountered in previous reports on
electronic structure determination of cubic NCs.3638401 Ag ex-
pected, the VB (or HOMO) states are dominated by the halide
(Br) 4p-orbitals and the CB (or LUMO) states consist of virtual or
anti-bonding p-orbitals from both Pb and Br atoms (see Figure 7,
bottom row, partial density of states (PDOS)).

In the next step, the ligands under study, namely, OA, OAm
and DDABr were successively attached at the NC surface in all
six directions (+x, +y and +2) to understand their effect on the
frontier molecular orbitals and the density of states. To reduce the
computational cost and allow for efficient attachment of the lig-
ands onto the NC surface, the large chain lengths were reduced
to six-numbered carbon-containing ligands for all the cases.*®]
Hexanoate ligands were added to the Cs—Br facet of the NC suc-
cessively by removing bromide anions one by one from each side
of the NC. In every case, the charge neutrality of the entire sys-
tem was maintained. In the case of oleate ligands, irrespective
of their density around the NC, ligand-centered HOMO or local-
ized states were observed, which are also seen as trap states in
the valence region of the partial density of states (Figure 7, OA
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Figure 7. Schematic representation of the bare perovskite NC (PNC) along with the various ligands attached to the surface. Top row from left to right
represent the space-filling model of the bare NC, a NC with 18 hexanoates (mimicking OA), a NC with 18 OA and one hexylammonium (mimicking
OAm), a NC with 18 OAm and, finally, a NC with 18 dihexylammonium (mimicking DDABr). Second and third rows from left to right represents the
PBE-D3 computed HOMO and LUMO, respectively, of the corresponding species shown at the top. (Color code: Cs- light green; Pb- dark grey; Br- brown;
O- red, N- blue; H-light pink and C- light grey.) Bottom row from left to right represents the PDOS calculated from the frontier molecular orbitals with
the contributions of the different atoms labeled in different colors as given below the graph.

on PNC). Depicted as blue curves on the PDOS plot, these trap
states are dominated by the carboxylic oxygen-centered p- and/or
r-orbitals. These trap states are present even when a combina-
tion of OA and OAm ligands are attached to the Cs-Br surfaces
of the NC (Figure 7, OA + OAm on PNC). However, when the
ligands that are attached to the surface are either OAm only or
DDABEr ligands, no ligand-centered trap states were observed in
the PDOS of the valence region and the HOMO is delocalized
over the entire NC (Figure 7, OAm on PNC / DDABr on PNC).
Furthermore, DFT calculations have also been performed at
moderate and excess concentrations of ligands. The obtained ab-
solute energies of the frontier molecular orbitals are plotted in
Figure 8. It can be seen that oleates or, particularly, the carboxy-
late oxygen create hole trap states in between the usual Br and

Adv. Optical Mater. 2025, 01361 e01361 (7 of 13)

Pb-centered HOMOs and LUMOs. On the contrary, this trap (or
ligand-centric HOMO) is absent in the case of OAm or DDABr
ligands. Notably, the energy gap increases when these ligands are
attached to the NC. Very importantly, in the case of the DDABr,
the HOMO is lifted in energy compared to the OA/OAm bound
NCs, in agreement with the SEC and UPS measurements. In
order to investigate the origin of trap states, the nature of the
binding mode of oleate ligands to the NC surface was examined.
A similar kind of study!*!! has already been performed on CdSe
QDs, where oleate binding on different facets of CdSe QDs could
result in the occurrence of trap states.[*1*2] By contrast, NCs are
cubic and therefore have equivalent facets on all sides. The only
difference that could arise is to which atom the oleate binds, i.e.,
Pb?* or Cs*, which depends on the termination of the surface
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Figure 8. PBE-D3 computed frontier molecular orbital energies of perovskite NCs bonded with the various quantities of ligands per facet. The transparent
levels represent the ligand-centric hole trap states. OA - Oleate (hexanoate); OAm - oleylammonium (hexylammonium); DDABr - di-hexylammonium

ligands.

and defects. To generate models for binding the anionic ligands
such as oleate to the NC surface, anion vacancies were created
by removing bromide anions from the surface. Here, two differ-
ent scenarios were considered that can both represent the oleate
passivated surface but, concurrently, show two completely dif-
ferent binding modes. In Figure S10 (Supporting Information),
the two different modes of binding of oleate ligands are shown.
In one case, two carboxylate groups are directly coordinated to
Cs* ions (Figure S10a,b, Supporting Information), whereas in
the other case, all the carboxylate oxygen(s) are directly coordi-
nated to a Pb?* ion (Figure S10c,d, Supporting Information). Itis
to be noted here that both possibilities generate a charge-neutral
cluster model in order to accommodate the oleate group. Interest-
ingly, these two scenarios produce quite different natures of HO-
MOs. In one case, the HOMO is ligand or oleate centric, whereas,
in the other case, the HOMO consists of the usual bromide-based
molecular orbitals. The former possibility is more likely to oc-
cur experimentally as it is already known that the Cs-Br surface
termination is more probable as the NC size increases.*®! Since
commercial NCs have been used in this work, it is difficult to
comment on the amount of ligands on the surface and the exact
composition of the NCs. However, it is clear that the presence of
OA impedes carrier injection into the NC as well as inter-particle
transport, in particular, for holes.

2.4. PeLEDs

A major challenge in achieving efficient LEDs based on na-
tive CsPbBr; NCs is their inefficient hole injection, resulting
in imbalanced carrier transport, and subsequently excited-state
quenching by Auger-like recombination. This leads to low effi-
ciency and pronounced efficiency roll-off at higher currents, as
demonstrated in our previous study on LiTFSI-doped NCs.[*?]
Based on our findings so far, ligand exchange with DDABYr is ex-
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pected to mitigate this issue by reducing the hole injection bar-
rier and achieving balanced carrier mobility. However, successful
LED fabrication also requires appropriate (organic) transport lay-
ers as highlighted by some recent studies on PeLEDs!**]. As a
first step, PTAA was chosen as the HTL due to its superior hole
mobility compared to PVK [Poly(9-vinylcarbazole)]. Additionally,
the role of the ETL must be considered, as it not only facilitates
electron transport and injection into the NCs but also functions
as an optical spacer, enhancing light outcoupling, similar to its
role in organic LEDs.[*%]

Commonly used materials in PeLEDs include B3PyMPM (4,6-
Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine) and TPBi
[2,2,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)],
to name two prototypical materials. While these materials
exhibit different energy levels and electron mobilities, their
most significant difference is often overlooked in the context of
PeLEDs. TPBi, owing to its notable permanent dipole moment,
tends to exhibit SOP upon evaporation, which in turn induces a
non-vanishing electric field across the organic film, also known
as giant surface potential (GSP).*#’] The direction of this field
hampers electron flow through the ETL at low applied voltages,
while simultaneously promoting hole injection and accumula-
tion at the HTL/emitter interface even before the device reaches
its turn-on voltage.

Figure 9a illustrates the current (density)-voltage-luminance
(VL) characteristics of native NC PeLEDs employing B3PyMPM,
a non-polar ETL exhibiting almost no GSP, and TPBi as polar
ETL. Details on the LED fabrication process can be found in
the Experimental section. The native PeLED with the non-polar
ETL (yellow) exhibits a lower turn-on voltage (V) at about 1.7
V, however, the luminance onset is at a higher voltage of about
2.2 V. This is an indication of imbalanced carrier injection, i.e.,
the current is dominated by one carrier type, while luminance
sets in later when the second carrier type is injected. Correspond-
ingly, the external quantum efficiency (EQE) shown in Figure 9b
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Figure 9. a) jVL and b) EQE vs current density plots of native PeLEDs comparing the performance of TPBi (polar) and B3PyMPM (non-polar) as ETLs.
) Schematic representation of hole accumulation before V., due to SOP in the polar ETL.

is rather low (in the 1071% range) and exhibits a strong depen-
dence on the current density itself with a maximum in the range
of 1071 — 1072 mA/cm?. Such carrier density dependent behav-
ior is typical for a competition of different processes, like trap-
assisted recombination, bimolecular recombination and Auger
quenching 14

In the case of native PeLED employing the polar ETL (brown),
an obvious shift in the current onset (V,,) to about 2.4 V is seen;
however, the luminance onset is only slightly higher at 2.7 V. The
higher V_, arises from the GSP of the polar ETL, which has to be
overcome before electrons can flow through the ETL. The GSP
value of TPBi on native NCs is about 112 mV/nm (see Figure S11,
Supporting Information), which is two times higher than the re-
ported values in organic devices.!*”] Importantly, the native TPBi
PeLED reaches a significantly higher EQE of almost 1%, specif-
ically at very low current density of 107> mA/cm?. This is again
a direct consequence of the GSP in the TPBi ETL, which leads
to hole accumulation in the HTL prior to reaching the turn-on
voltage (Figure 9c¢), similar to OLEDs, where this process is well
established.l*®! This means that carrier balance is improved by
this sub-turn-on hole accumulation, but with increasing current
this advantage disappears and the EQE of the native TPBi device
also drops significantly. Finally, both devices (native B3PyMPM
and TPBi) reach the same maximum luminance of about 200
cd/m? at7 V.

In order to improve charge injection, the native NCs were
washed with ethyl acetate once and LEDs utilizing TPBi have
been fabricated (Figure S12, Supporting Information). These
LEDs exhibited a higher current density in comparison to un-
washed NCs with slightly improved luminance of about 400
cd/m? at 7 V. However, they demonstrated a similar trend with
EQE against current density with a peak EQE at the beginning
of about 2.3%, followed by a roll-off at higher current densities.
Despite the improved EQE achieved with TPBi as the ETL, the
native NC PeLEDs continue to face challenges, including a rela-
tively large hole injection barrier between the PTAA HTL and the
native NCs (as evidenced by the SEC and UPS data presented be-
fore). Additionally, hole trap formation as a result of the binding
of OA ligands to the NC surface remains an issue (as indicated
by the DFT calculations).

Adv. Optical Mater. 2025, 01361 e01361 (9 of 13)

To address these concerns, we proceeded to fabricate PeLEDs
using NCs with DDABr-ligand exchange and the polar TPBi ETL.
Figure 10a presents the jVL characteristics of native and DDABr-
ligand exchanged NC PeLEDs in comparison. DDABr NC LEDs
demonstrate similar V_, as the native NC LEDs at around 2.3 V
(with a GSP value of TPBi at 126.8 mV/nm, see Figure S11, Sup-
porting Information) and luminance onset at about 2.6 V. How-
ever, they reach higher luminance, with peak brightness close
to 1000 cd/m? at 7 V, at a reduced current density. This directly
translates to an improved EQE (Figure 10b) of up to 4%. Most
importantly, this high EQE is preserved over a broad range of
current densities, which is a clear indication to a balanced carrier
injection and recombination in the case of DDABr-capped NC
PeLEDs. Note that the achieved EQEs are in good agreement with
the results published by Dai et al.['®] on a similar PeLED stack.

Both native and DDABr ligand-exchanged devices exhibit elec-
troluminescence (EL) with a peak emission at 513 nm and a full-
width at half-maximum of approximately 17 nm (Figure 10c).
However, the native NCs show an additional weak emission cen-
tered around 425 nm, which is attributed to some parasitic emis-
sion from the PTAA layer. This suggests that in the case of native
NCs, the large excess electron current is partially injected into the
HTL and recombines with holes in that region, a phenomenon
that is significantly reduced in the DDABr-capped NC devices,
where the recombination is more localized within the NC layer,
as desired.

Figure 10d presents the reproducibility statistics of the lig-
and exchange process, where the peak EQE of ten samples,
with each sample having four pixels, yielded an average (peak)
EQE of 3% for DDABr and about 0.49% for native NC PeLEDs.
Importantly, the devices with DDABr ligands reach their peak
EQE at application-relevant current densities of 1 mA/cm?, while
the LEDs with native NCs have their peak at very low currents
(1073 mA/cm?).

Furthermore, we note that a two fold increase in operational
lifetime of the device is obtained in ligand exchanged PeLEDs
(see Supporting Information, Figure S14) highlighting the criti-
cal role in choosing the right ligand to improve carrier balance
in PeLEDs, through the combined effect of better energy level
alignment for hole injection and a reduction of hole traps on the
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Figure 10. a) JVL curves (with device stack represented as inset image) b) EQE vs current density, c) EL spectra and d) reproducibility statistics of native

and DDABr PeLEDs.

NC surface along with the incorporation of a polar ETL, which
collectively enhances the performance of PeLEDs.

3. Conclusion

The present work highlights the impact of alkyl ligands, specif-
ically OA, OAm and DDABY, on carrier transport and the opto-
electronic performance of CsPbBr; NC based PeLEDs. Though
obtaining high PLQY in native NCs can be realized through com-
plete passivation of the surface with OA/OAm ligands, this ap-
proach is counter-productive with respect to electrical accessibil-
ity. Apart from the insulating nature of these alkyl ligands, it is
evident from SEC and UPS that the functional groups attached to
the surface influence the band-edge position, thereby regulating
the charge injection properties. From single-carrier data, it is fur-
thermore clear that charge transport properties are also dictated
Dby these ligands, notably in the case of native ligands, where hole
transport is impeded with respect to electrons. Our DFT calcula-

Adv. Optical Mater. 2025, 01361 e01361 (10 of 13)

tions indicate that OA is not an ideal passivating ligand for PeLED
applications, due to the presence of hole traps resulting from the
carboxylate group binding to Cs*. We also demonstrated that the
ligand exchange process using DDABr is reproducible, yielding
minimal yet sufficient coverage for LED applications. This ligand
exchange improves hole transport and enhances valence band
alignment with the HOMO of the hole transport layer favorably.
Together with the use of a polar ETL, DDABr NC LEDs yield a
more stable EQE over a broad range of current densities. These
findings highlight the role of ligands and a polar ETL in modu-
lating the properties of CsPbBr; based NCs for efficient LED ap-
plications.

4. Experimental Section

Sample Preparation—Materials: 1TO (indium tin oxide) substrates
with dimensions 2 cm X 2 cm were purchased from Kintec (Hong Kong)
with a layer thickness of 90 nm on a 23 nm SiO, buffer sitting on a 0.7 mm
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thick glass substrate. PEDOT:PSS in a low-conductive formulation CH8000
was purchased from Heraeus Germany GmbH & Co. KG. CsPbBr; solution
(10 mg/mL in toluene, product ID 900746), DDABr (98% purity, product
ID 359025) and ZnO nanoparticle ink (2.5 wt. %, viscosity 2.1 cP, product
ID 808253) were purchased from Merck Germany KGaA. PTAA (MW = 56
kDa, PDI = 2.87) was purchased from Ossila B.V. TPBi (98%, product ID
LT-E302H) was purchased from Lumtec, Taiwan.
Sample Preparation—Ligand Exchange:

® Equal volumes (X) of 10 mg/mL CsPbBr; NC solution and ethyl acetate
solution were mixed and centrifuged at 12 RCF for 10 minutes and the
supernatant was discarded.

® X volume of toluene was added to the precipitate and redispersed with
X volume of ethyl acetate, centrifuged at 12 RCF for 10 minutes and the
supernatant was discarded.

® X volume of DDABr solution (10 mg/mL in toluene) was added along
with X volume of ethyl acetate, centrifuged at 12 RCF and the super-
natant was discarded.

® Xvolume of toluene was added to the precipitate and redispersed with
X volume of ethyl acetate, centrifuged at 12 RCF for 10 minutes and the
supernatant was discarded.

® Finally X/2 volume of toluene was added to re-disperse the precipitate.

Sample Preparation—Device Fabrication: All samples were initially
cleaned with industrial grade detergent (alconox), DI water, acetone (tech-
nical), isopropyl alcohol (technical) and isopropanol (UV grade). The sam-
ples were then treated under UV ozone for 15 minutes, immediately fol-
lowed by spincoating PEDOT:PSS at 4000 rpm for 30s and annealed at
135°C for 15 minutes. The samples were transferred from the cleanroom to
a nitrogen filled glove box for further preparation. PTAA solution (5 mg/mL
in dichlorobenzene) was spincoated at 3000 rpm for 45s and annealed at
145°C for 15 minutes. The NC solution was spincoated by a two step pro-
cess (500 rpm for 30s and 2000 rpm for 5s). Samples were then trans-
ferred to a vacuum deposition chamber with a pressure less than 107®
mbar, without exposing to air. The samples fabricated until this step were
the same for LEDs, hole-only devices and PES measurements.

LEDs: TPBi (50 nm) was evaporated at about 0.1 nm/s, followed by LiF
and aluminium at 0.03 nm/s and 0.1 nm/s, respectively.

Hole-only devices: HATCN (10 nm) was evaporated at 0.03 nm/s fol-
lowed by gold at 0.1 nm/s.

PES: The samples were prepared as mentioned before on an unpat-
terned ITO substrate. All procedures up until the nanocrystal deposition
remain the same.

Electron-Only Devices: ITO substrates were cleaned and transferred to
the glove box. ZnO was dropcasted onto the substrate through a PTFE
filter (0.45 um), spincoated at 3000 rpm for 30s and annealed at 170°C for
15 minutes. This was followed by spincoating NC solution at 500 rpm for
30s and 2000 rpm for 5 s and evaporating LiF and aluminium at 0.03 nm/s
and 0.1 nm/s, respectively.

LED Measurements: jVL curves are recorded with a Keithley 2612B
source meter unit (SMU) at a sweep-rate of 0.1 V/s. A photodiode of
known diameter at known distance is used for luminance detection. The
electroluminescence spectrum was measured with the Phelos system
from Fluxim AG (Switzerland). Combined with a Lambertian approxima-
tion and a pixel area of 4.8 mm?, the EQE was determined.

PLQY and TRPL Measurements: All PL and TRPL measurements were
performed under ambient conditions. PLQY values were determined us-
ing the direct excitation method for sample solutions and thin films, with
corresponding PL measurements conducted on a Horiba Fluoromax-Plus
photospectrometer using a quanta-¢ integrating sphere attachment. For
solution measurements, the samples resided inside 3 mL quartz cuvettes
(Hellma QS111-10-40). The absorbance of the sample solutions was ad-
justed to ~ 0.1 at the excitation wavelength of 465 nm. The thin films were
prepared by drop-casting dilute sample solutions onto the polymethyl-
methacrylate (PMMA)-coated side of a PMMA-coated fused silica sub-
strate (Img/ml in toluene, spincoated at 3000 rpm for 30s and annealed
at 150° C). As a reference sample, toluene (GPR Rectapur, VWR Chem-
icals) inside a 3 mL quartz cuvette (Hellma QS111-10-40) was used for
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solution measurements, and a PMMA-coated fused silica substrate in the
case of thin film measurements. The excitation light was from a Xenon
lamp, with the excitation wavelength set to 465 nm. The excitation and
emission monochromators were configured with a bandpass ratio of 10:1
to maximize the excitation peak signal of the reference sample while keep-
ing it within the linear range of the photomultiplier tube detector. Both
monochromators used gratings with 1200 grooves/mm; however, the exci-
tation monochromator’s grating was blazed at 330 nm, whereas the emis-
sion monochromator used a grating blazed at 500 nm. PL measurements
were performed with the sample residing inside the integrating sphere, in
1 nm steps. The PL spectra were dark-count corrected and corrected for
light intensity fluctuations of the excitation source. Additionally, the sen-
sitivity of the emission path was calibrated for and considered, and both
monochromators were wavelength-calibrated. Using the Quantum Yield
determination tool of Horiba's Fluorescence software, the sample’s PLQY
values were determined using the formula

 PLg—PL,
pLQY=B_ A )
En—Epg

where E, and Ejg are the integrated areas under the excitation peak for the
reference and sample measurement, respectively, and PL, and PLg are the
integrated areas under the photoluminescence peak for the reference and
sample measurement, respectively. For solution measurements, the inte-
gration interval was from 455 to 472 nm for the excitation peak and from
472 to 575 nm for the photoluminescence peak. For thin film measure-
ments, the integration interval was from 455 to 475 nm for the excitation
peak and from 475 to 580 nm for the photoluminescence peak.

For PL decay measurements on a home-built PL microscope setup,
the samples were excited at a center wavelength of 465 nm with a 4.88
MHz repetition rate by the SuperK Fianium FIU-15 supercontinuum white
light fiber laser coupled to a SuperK SELECT (both from NKT Photon-
ics), a multi-channel tunable filter based on Acousto-Optic Tunable Filter
technology. The excitation light was cleaned using both a bandpass filter
(46515 nm) and a shortpass filter (790 nm cut-off wavelength). A diffusor
lens expanded the excitation beam at the sample position. Excitation light
was directed toward the sample by a 495 nm cut-on longpass dichroic mir-
ror and focused onto the sample using an objective (CFI-TU-Plan-Apo-Epi
100x, Nikon). Emitted PL got collected through the same objective, trans-
mitted through the longpass dichroic mirror, further filtered by a longpass
filter (496 nm cut-on wavelength), and focused onto the fiber of a fiber-
coupled MPD avalanche photodiode (Micro Photon Device). The PL signal
was processed by a TCSPC card (PicoQuant, TimeHarp 260). The excita-
tion power was 5.3 uW at the sample position for solution measurements
and 5.2 pW for thin film measurements. The stop condition was 10 000
counts for all measurements. Additional neutral density filters were placed
in the emission path to keep the photon detection rate below 2% of the
laser repetition rate to avoid pulse pile-up.

UPS Measurements: UPS was conducted using a monochromatized
helium discharge lamp with a photon energy at 21.22 eV (HIS 13 FOCUS
GmbH) and a hemispherical SPECSPhoibos 100 analyzer in an ultrahigh
vacuum (UHV) system (base pressure of 1x 10~° mbar). The monochro-
mator eliminates the visible light and further reduces the UV flux by a fac-
tor of 100 as compared to that of the standard helium lamp. The overall
energy resolution was set at 110 meV for the UPS measurements.

NMR Measurements: The "TH NMR and gNMR were performed using
the Bruker Avance [I™HD 400 MHz NMR spectrometer. For qNMR, 64
scans were accumulated with an acquisition time of 4s and spectral width
0f 20.03 ppm along with a relaxation delay of 40s.

SEC-PL Measurements: SEC PL measurements were conducted in a
specific home-built electrochemistry cell. As working electrode, a transpar-
ent fluorine-doped tin oxide glass substrate (20 ohm/sq, 1.1 mm thick-
ness, Dyenamo) was used. On top of that, the NCs were drop-cast in a
nitrogen-filled glovebox. The cell assembly was conducted at air. As refer-
ence electrode, an Ag wire was used and as counter electrode a Pt coil. The
0.1 M electrolyte solution was prepared in the glovebox out of five times
recrystallized tetrabutylammonium hexafluorophosphate (TBAHFP, 98%
AlfaAesar), ferrocene (98%, Acros Organics) and propylene carbonate
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(PC, 99.5%, Thermo Scientific). For electrochemistry, the electrodes were
connected to a BAS50 potentiostat (Bioanalytical Systems Inc.). For SEC,
the electrochemical cell was placed on top of a confocal laser setup. The
NCs were excited by a 405 nm laser (PicoQuant LDH series). The laser
passed optical density filter and was focused by an air objective (Olympus
LMPlan FLN, 50x, 0.5 NA) on to the sample. After excitation, the laser in-
tensity was filtered out by a 485 nm long pass filter. Spectra were recorded
by an Acton SP300i spectrometer. For all measurements, the open circuit
potential was determined and iR compensation was applied by the poten-
tiostat. Measurements started at approx. the open circuit potential and the
integration time of the spectrometer was set to 1.

Simulation:  All the DFT calculations have been carried out using the
CP2K (version 9.1) software package.[3*] A combination of gaussian basis
sets with plane waves as auxiliary basis sets known as the gaussian plane
waves (GPW) method was chosen to solve the equations efficiently dur-
ing all the electronic structure calculations. Double-zeta-valence-polarized
(DZVP-MOLOPT-SR-GTH) basis setsl*3] along with Goedecker-Teter-
Hutterl*] pseudopotentials for all the elements were used in combination
with Perdew—Burke—Ernzerhof (PBE)[*0] generalized gradient approxima-
tion (GGA) functional. Grimme’s DFT-D33'l correction protocol was also
performed to account for the van der Waals interactions. Periodic bound-
ary conditions were invoked during geometry optimization and single-
point calculations, and a large cubic box size of 75A x 75A x 75A dimen-
sions where the CsPbBr; nanocluster was placed inside to avoid spuri-
ous interactions between the periodic images. All the structures were op-
timized using the Broyden—Fletcher-Goldfarb-Shanno (BFGS) optimizer,
with the maximum force criteria setto 1x 10~* Hartree/Bohr (~5 meV/A).
The grid cutoff for the gaussian plane waves was chosen to be 350 Ry dur-
ing all the geometry optimisation and single-point calculations, and it was
increased to 450 Ry during density-of-states (DOS) calculations.[3738] The
electronic temperature was set to 300K and Fermi-Dirac distribution was
employed during DOS calculations. All the self-consistent field (SCF) itera-
tions were converged with a 1078 a.u. cutoff. For modeling the perovskites
and visualization of the molecular orbitals, Atomistic Simulation Environ-
ment GUI (ASE GUI) and VESTAP?] programs were used.
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