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ABSTRACT: Understanding and tuning the ligand shell Bj-doped CszAg1.xNaX|nC|6 Colloidal Nanocrystals

composition in colloidal halide perovskite nanocrystals (NCs) ® :
has been done systematically only for Pb-based perovskites, Nl\ﬁ .. : {gands Effect

while much less is known on the surface of Pb-free perovskite

systems. Here, we reveal the ligand shell architecture of Bi- £1:a;?>oxyllc1.26Id e %
doped Cs,Ag, Na InCI,NCs via nuclear magnetic resonance Bl %
analysis. This material, in its bulk form, was found to have a g'e © 2
photoluminescence quantum yield (PLQY) as high as 86%, a Giaf *3
record value for halide double perovskites. Our results show §12_ S, ' j: é
that both amines and carboxylic acids are present and E 4 © é
homogeneously distributed over the surface of the NCs. £l q ralk N :
Notably, even for an optimized surface ligand coating, achieved 23 [\ o 2

by combining dodecanoic acid and decylamine, a maximum

PLQY value of only 37% is reached, with no further improvements observed when exploiting post-synthesis ligand exchange
procedures (involving Cs-oleate, different ammonium halides, thiocyanates and sulfonic acids). Our density functional theory
calculations indicate that, even with the best ligands combination, a small fraction of unpassivated surface sites, namely
undercoordinated Cl ions, is sufficient to create deep trap states, opposite to the case of Pb-based perovskites that exhibit
much higher defect tolerance. This was corroborated by our transient absorption measurements, which showed that an
ultrafast trapping of holes (most likely mediated by surface Cl-trap states) competes with their localization at the AgCly
octahedra, from where, instead, they can undergo an optically active recombination yielding the observed PL emission. Our
results highlight that alternative surface passivation strategies should be devised to further optimize the PLQY of double
perovskite NCs, which might include their incorporation inside inorganic shells.

ead halide perovskites nanocrystals (NCs) are among the Cs,NaBiCl;, and Cs,AgSbXs (X = Cl, Br) NCs, exhibit

I most promising luminescent nanomaterials for potential interesting PL.*™"° In particular, Cs,AgInClg has emerged as
applications in optoelectronic devices, such as light the most promising double perovskite semiconductor charac-
emitting diodes and displays.l_4 However, the intrinsic toxicity terized by a direct bandgap. The PL emission from this material
of Pb and the poor stability of such materials under air and, in is however very weak, because of the parity forbidden nature of

particular, moisture can limit their applications.” Therefore,
efforts are aiming at developing non-toxic alternative perovskite
NC materials featuring a bright photoluminescence (PL) and, at
the same time, high stability.6 In this regard, the so-called double
perovskite (DP) NCs, having chemical formula A,B*B**X, have
been identified as possible alternative materials. They are Received: August 4, 2020
characterized by a 3D perovskite skeleton composed of corner- Accepted: September 28, 2020
sharing [B*X,] and [B**X,] octahedra with A" cations filling the Published: September 28, 2020
voids in between.” Among the members of this large family of

materials, also called elpasolites, different compounds, including

Cs,AgBiXs (X = Cl, Br, 1), Cs,AgInClg, Cs,NaInCl,

the band-edge transition.'®"” In the past few years, different
strategies, including doping and alloying, have been followed to
improve the optical properties of Cs,AgInCINCs.">'*~*" For

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsmaterialslett.0c00359
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instance, doping with either Mn*" or Bi*" ions yielded NCs with
an orange emission and a PL quantum yield of 16% or 11%,
respectively,”””* while doping Cs,AgInCls NCs with rare earth
ions made them emitting in the NIR (at ~1000 nm with Yb**
and at ~1537 nm with Er**).**>° On the other hand, the
systematic replacement of In** with Bi** or Ag* with Na* cations
generated alloyed Cs,AgIn,Bi; ,Cl¢ or Cs,Ag; ,Na InCls NCs
displaying enhanced PL emission.””’~*" For example, Yang et
al. demonstrated that the bandgap of Cs,AgIn Bi,  Cls NCs can
be tuned from indirect (x = 0, 0.25, 0.5) to direct (x = 0.75 and
0.9), with NCs of Cs,AglnoBij;Cls composition featuring a
PLQY as high as 36%.”" In another work, Luo et al. obtained Bi-
doped Cs,Ag, . Na InClg bulk powders exhibiting a bright white
emission with a PLQY of ~86% for the Cs,Ag,¢Na,,InClg
composition with 1% of Bi dopants, which is currently a record
value for double perovskites and makes this specific composition
an interesting case study.” With the aim of extending such
strategies to the nanoscale, in a previous study our group
prepared Bi-doped Cs,Ag, .Na InCls NCs displaying a broad
yellow emission, with PLQY values of ~22%.”> The notable
difference in PLQY between bulk powders and colloidal NCs of
such DP material is in principle not surprising, considering that
surface defects are known to strongly affect the optical properties
of both traditional semiconductor and Pb-based perovskite NCs,
although the latter to a lesser extent due to the well documented
“surface tolerance”.**™* While our knowledge of the surface
passivation of Pb-based perovskite NCs is reaching maturity, we
know much less on the ligand shell of double perovskite
NCs."**~*! To date, only the ligand shell of Cs,AgBiBrs NCs
has been examined by Zhang et al., who concluded that the only
species passivating the surface are alkylammonium ions."*

The identification of surfactants bound to the surface of Bi-
doped Cs,Ag; ,Na,InCls and, more in general, of DP NCs is
essential to understand and master their surface chemistry and,
consequently, to improve their optical properties. To shed light
on this topic, in the present work, we modified the colloidal
synthesis of Bi-doped Cs,Ag; ,NaInCly NCs to detect via
nuclear magnetic resonance (NMR) spectroscopy, the ligand
molecules bound to their surface. Our 'H NMR analysis,
coupled with nuclear Overhauser effect spectroscopy (NOESY),
proved the presence of both carboxylate and alkylammonium
species bound and homogeneously intermixed on the surface of
the NCs. Also, motivated by these results, we investigated how
the size, morphology, and optical properties of Bi-doped
Cs,Ag;_Na InCINCs depend on the combination of alkyl-
amines and carboxylic acids with varying chain length used in
their synthesis (Scheme 1). Two findings emerged from the
study: first, both ligands are essential for the formation of the
NCs; second, a variation in the ligand chain length had a minor
effect on the size and shape of the NCs, but a more remarkable
effect on the PLQY, with the highest value (37%) obtained by
using a combination of dodecanoic acid (C12A) and decylamine
(C10B) (Scheme 1). Our density functional theory (DFT)
calculations indicate that the limited PLQY of this DP NC
system can be attributed to unpassivated surface sites,
dominated by undercoordinated Cl ions, which even in small
amounts result in the formation of deep trap states. The
combined experimental and theoretical study reported in this
work evidences that halide DPs are much less surface tolerant
than the corresponding Pb-based perovskites. Especially in NCs
of these materials, a complete passivation of surface trap states
might be limited by the steric hindrance of the ligands; therefore,
an adequate surface passivation remains an open issue.
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Scheme 1. Colloidal Synthesis of Bi-Doped
Cs,Ag, ,Na InCI,NCs with Different Ligand Combinations

Bi-doped Cs,Ag, Na,InCl; NCs
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In a typical synthesis of Bi-doped Cs,Ag; ,NaInCls NCs,
metal acetates, used as cation precursors, are heated in air to the
desired reaction temperature (120 °C) in the presence of
surfactants and solvent (dioctyl ether) and the reaction is
triggered by the swift injection of benzoyl chloride (the halide
precursor). Benzoyl halides and acyl halides, in general, are well
known for their strong reactivity toward nucleophilic com-
pounds, such as amines and carboxylic acids present in the
reaction medium, forming carboxylic acid derivatives even at
room temperature (i.e., amides and anhydrides) and simulta-
neously releasing hydrohalic acids, which are the actual halide
precursors triggering the formation of the NCs.**** To vary as
few parameters as possible, all the samples reported herein were
synthesized by keeping the following fixed: (i) the surfactants/
precursors ratio, (ii) the alkylamine/carboxylic acid ratio (i.e., 1/
2.1), and (iii) the metal cations/halide precursors’ ratio (see the
experimental section in the Supporting Information, SI, for
details). Under these conditions, we obtain, in all the
experiments, NCs containing ~1% of Bi (with respect to In)
and having a mean Cs,Ag,4Na;,InCls composition, as
confirmed by both inductively coupled plasma optical mass
spectrometry (ICP-MS) and scanning electron microscope—
energy dispersive X-ray spectroscopy (SEM-EDS) elemental
analyses (Table S1). In our syntheses we aimed at this
stoichiometry since in previous studies it was found to optimize
the optical properties of this system (i.e., highest PLQY)."**

The standard synthesis of both double and Pb-based
perovskite NCs relies on a mixture of oleylamine (C18B) and
oleic acid (C18A) as surfactants,'***”*~* which are
characterized by almost overlapping 'H NMR resonances (i.e.,
alkyl and alkene protons), making it difficult to assess their
simultaneous presence on the surface of the NCs.'#***%7>* The
only protons which could return sufficiently separated signals are
those of the CH, in position alpha with respect to the COOH
and NH, groups. Unfortunately, the chemical shift of these
protons depends on the relative concentration of both alkyl
amine and alkyl carboxylic acid (i.e, on the pH) making their
identification not trivial by '"H NMR, especially when they
belong to surface bound species, having a broadened signal.”"**
Thus, here, to unambiguously identify the ligand species bound
to the surface of the DP NCs we employed C18B and PhAc in
their synthesis. These molecules can be easily distinguished via
'"H NMR, as the former is characterized by alkenyl protons,
while the latter is characterized by aromatic ones. This
combination of ligands yields cubic NCs with a mean size of

https://dx.doi.org/10.1021/acsmaterialslett.0c00359
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Figure 1. (a) TEM image (scale bar is 50 nm) and (b) XRD pattern of PhAc + C18B NCs. (c) '"H NMR spectrum of PhAc + C18B NCs NCs in
CDCI,; and the (d) corresponding "H—'"H NOESY NMR spectrum. (e, top panel) Snapshot from an equilibrated MD simulation at room
temperature of a Cs,AgInClg NC capped by PhAc (red molecules, occupying 82% of surface Cl sites) and C18B (green molecules, occupying
54% of surface Cs sites). (e, bottom panel) Stick and ball representation of the snapshot in (e, top panel) of the same colloidal Cs,AgInCls NC in
which the inorganic core atoms are represented by colored spheres (Cs, orange; Ag, blue; In, red; Cl, green) and surface ligands by grey lines. (f)
Time-average radial distribution function between PhAc aromatic rings and different segments of the C18B alkyl chains: initial aliphatic
segments (blue), double bonds (orange), and terminal aliphatic parts (green).

24.4 nm (Figure 1a). On the basis of our XRD analysis, the
crystal structure of the NCs matches with the DP Cs,AgInCly
structure (ICSD number 244519), and impurity phases are
absent (Figure 1b). The NCs feature an absorption peak at 3.7
eV and a PL emission at 2 eV (Figure S1) with a PLQY of 20%
(Figure 2b and Table S2), in agreement with our previous
work.”

These NCs were dispersed in CDCl; and analyzed by 'H
NMR, which indicated that both C18B and PhAc are bound to
the NCs’ surface (Figure 1c). This is evident from the following
observations: (i) the resonances of the CH, group close to the
amine group (2) at 2.6 ppm and of the alkenyl protons (10, 11)
at 5.3 ppm are ascribed to C18B, (ii) the proton (23) closest to
the carboxyl group at 3.6 ppm and the aromatic protons (25—
29) at 7.1 ppm to 7.4 ppm are the footprint of PhAc, and (iii)
both C18B and PhAc signals are broadened and shifted with
respect to those of free ligands (Figure lc and Figure S2)
indicating the presence of bound species.

The effective anchoring of both surfactants to the surface of
double perovskite NCs was corroborated by the 'H—'H
NOESY characterization: as can be inferred from the negative
sign (red) of the NOESY cross peaks, both PhAc and C18B
molecules have longer correlation times (z.) with respect to
those of the corresponding free ligands (Figures 1d and S3—5
where the sign of the free ligand is positive, blue).> Notably,
both ligands (PhAc and C18B) show not only intra ligand NOE
cross peak interactions, as in the free ligands mixture (Figures
§3—5), but also interligand NOE cross peak interactions (Figure
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1d). These results indicate that alkylammonium and carboxylate
species are proximal to each other, therefore suggesting that they
are homogeneously intermixed on the surface of double
perovskite NCs (see Figure le, upper sketch). To obtain
information on the ligand shell composition of our DP NCs, we
followed a strategy analogous to a previous one performed on
Pb-based perovskite NCs:** we dissolved the NCs in dimethyl
sulfoxide-ds solvent, and subsequently, we acquired a
quantitative '"H NMR spectrum (Figure S6), which yielded a
PhAc:C18B ratio of bound species of 1.52:1, and a surface
ligands density of 4.9 ligands/ nm?. These numbers indicate that
~52% of Cs surface sites are occupied by oleylammonium
cations, and ~80% of Cl surface sites are occupied by phenyl
acetate anions (see SI for details).

To support the NMR results, we carried out MD simulations
on a Cs,AgInCly NC model capped by C18B and PhAc ligands
(see SI for further info on the force-field employed and the
simulations details). The first outcome of our simulations is that
within the time scale of the simulation (~10 nanoseconds) the
DP NC surface is able to accommodate both PhAc and C18B
ligands in the same experimental concentrations and retain a
homogeneously intermixing on the surface, in line with our
NOESY results (Figure S7). Additionally, to further elucidate
the interaction among the ligands on the surface of the NCs, we
also computed the time-average distance between the PhAc
aromatic rings and segments of the C18B alkyl chains (Figure
1f). The PhAc aromatic rings peak on-average closer (0.54 nm)
to the initial segments of the C18B aliphatic chains (i.e., close to

https://dx.doi.org/10.1021/acsmaterialslett.0c00359
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Figure 2. (a) Absorption and PL emission curves of the NC sample
obtained with C12A + C10B (i.e., the one with the highest PLQY of
37%). (b) 2D plot of PLQY of DP NCs as a function of the chain
length of amines and carboxylic acids employed in the synthesis.

the head of the amines) favoring interactions between these
groups. On the other hand, the average distance between PhAc
aromatic rings and the terminal segments of the surrounding
C18B alkyl chains peak at appreciably higher values (0.63 nm for
the alkene bonds and 0.89 nm for terminal aliphatic chains),
indicating a weaker interaction among these groups.

These findings, which are substantially different from what
observed in Cs,AgBiBrg NCs (where akylammonium ions only
have been detected),'* point to a complex ligand shell in which
ligands are homogeneously intermixed on the surface of
perovskite NCs.

On the basis of our surface characterization, we assumed that
the copresence of alkylamines and carboxylic acids in the
reaction medium was necessary to stabilize our DP NCs. To
prove this hypothesis, we conducted two control experiments in
which we employed either oleylamine (C18B) or oleic acid
(C18A), a more traditional ligand than PhAc with the same
anchoring group, to synthesize the NCs. When employing C18A
or C18B only, no NC product could be collected indicating the
importance of both surfactants for the formation of the NCs.

To elucidate the role of both alkylamines and carboxylic acids
in the synthesis of Bi-doped Cs,Ag,_,Na,InCl; NCs, in analogy
to what done with Pb-based perovskite NCs,"” we ran a series of
experiments in which we systematically varied the hydrocarbon
chain length of these surfactants (see also Scheme 1) and
analyzed the corresponding NC products. The experiments in
which combinations of alkylamines and C8A were employed did
not yield any solid product. The use of C16A, on the other hand,
delivered mostly heavily aggregated products, while in all the
other cases colloidal NC with sizes ranging from 8.9 to 23.2 nm
were obtained (Figure S8 and Table S2). As emerged from the
TEM analysis, there is no clear correlation between the size of
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the NCs and the chain length of acids and amines employed
(Figure S8). The XRD patterns of all the samples are compatible
with the expected Cs,AgInCl, crystal structure (ICSD number
244519), with no presence of secondary metal halide phases
(Figure S9). In some samples the presence of extra XRD peaks is
ascribable to crystallized amines or acids (mainly C14A, C16A4,
C14B, and C16B), which we could not wash away by keeping
the same standard cleaning protocol (Figure S9).

The absorption and PL emission curves of all samples are
characterized by peaks at ~3.5 and ~2.05 eV, respectively (see
representative spectra in Figures 2a and S10). As established in
previous works, the excitonic feature observed experimentally in
the absorption spectra at ~3.5 eV stems from optically active
states within the CB well above the band edge (Figure 3c).
Instead, the broad PL band originates from the recombination of
electrons and holes localized at the band ed§es on BiCl; and
AgCly octahedra, respectively (Figure 3c).”*” These materials
feature an optically inactive region close to the lowest edge-to-
edge transition with negligible oscillator strength (Figure 3c)
resulting in a Stokes shift as large as 1.5 eV.*

In our work, the optical properties observed are not much
dependent on the chain length of carboxylic acids and alkyl
amines employed (Figures 2a and S10). The remarkable
difference in optical properties among the different samples is
observed in their PLQY, which varies from 0% to 37%, with the
highest value achieved when employing C12A + C10B ligands.
Figure 2b and Table S2 summarize the PLQY of the various
syntheses depending on the combinations of acids and amines
that were used.

The strongest emitting DP NCs, that is, those synthesized
with C12A + C10B (Figure 2a), were also subjected to ligand
exchange procedures with the aim of further increasing their
PLQY. In detail, the NCs were treated with different amounts of
either Cs-oleate, decyl-, and docecylammonium chloride and
bromide, didodecylammonium bromide, didecyldimethylam-
monium chloride, sodium thiocynate and dodecylbenzenesul-
fonic acid (Figure S11). In all these tests, we did not observe any
increase of the PL emission intensity of the DP NCs, suggesting
that no further surface passivation could be achieved by ligand
pairs that are commonly employed with Pb-based perovskite
NCg. 3753

To understand the reasons behind the limited improvements
in the PLQY of our DP NCs despite the high surface ligand
density detected by NMR, we performed DFT calculations
taking as a model system a cubic NC featuring a
Cs354Ag65Na 310, 03Clos6 stoichiometry. This corresponds to a
diameter of about 3.0 nm and a composition of 60% Ag ions and
40% Na as in the experiments. The Bi** dopant was not included
in the model since it is not expected to influence the surface
properties of the NCs. Unlike standard CsPbBr; NCs, we note
that even the fully passivated NC presents strongly localized
states at the valence band maximum (VB, Figure 3a). As
illustrated in the orbital density plot, these states, although being
“shallow”, are primarily composed of 3p atomic orbitals on
under-coordinated Cl ions at the NC surface (Figure 3a). We,
then, proceeded by a step-by-step displacement of CsClion pairs
surrounding a reference Cl, thus simulating a gradual decapping
of the initial perfectly passivated NC surface terminated by CsCl
ions. This gradual decapping is shown in Figure 3b on top of
each electronic structure plot, and was performed by keeping the
reference Clion either above a Na or a Ag cation, as we expected
a different behavior in each case. As shown in Figure 3b (left
panel), the displacement of two CsCl pairs above a Na ion leads
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Figure 3. (a) Electronic structure of a ~3.0 nm Cs,Ag, 60Nag 4InClg NC model optimized at the DFT/PBE level of theory, with the relevant
contribution of Cl jons (green) to “shallow” trap states inside the valence band. The orbital density plot (inset) reveals a strong localization of
these states at the NC surface. (b) Top: Stick and ball view of the most relevant CsCl displacements. Bottom: Emergence of mid-gap states by
decreasing the coordination of a surface Cl which lies either above a Na ion (left and middle panels) or above an Ag ion (right panel). (c)
Summary of the most important energetic levels involved and the ultrafast hole trapping mechanism which hinders optically active
recombination. Transient absorption spectra for representative high (d) and low (e) PLQY samples (37% and 15%, respectively). (f) Pump—
probe dynamics of the two samples at the Bi—Ag transition at 1.95 eV.

to the formation of states above the VB. This is even more
evident with the displacement of a third CsCl couple that creates
several deep states inside the bandgap (Figure 3b, middle panel).
This effect is less pronounced when the displacement occurs
above an Ag ion, because, unlike Na, the d orbitals of Ag allow
the molecular orbitals near the CB edge to be more delocalized,
hence more stabilized, throughout the NC (Figure 3b, right
panel). It is important to note that the same CsCl displacement
in the corresponding Pb-based perovskite (Css,4Pb,15Cl;5s NC
model) is much more tolerant to the emergence of mid-gap
states, even at the lowest possible coordination (one) of the
surface Cl (Figure S12). Overall, our calculation evidence that
deep states inside the band gap are easily formed in this material
system as a consequence of the nonuniform surface passivation.

Further, to our calculations and to identify the role of carrier
trapping at the NCs’ surface, we performed transient absorption
spectroscopy experiments on two representative samples having
ahigh (~37%, made with C12A + C10B) and low (~15%, made
with C10A + C12B) PLQY, respectively (Figure 3d—f). We
excited the systems with light pulses with a temporal resolution
close to 20 fs in a region well above the bandgap (i.e., 285 nm,
4.35 eV) and probed in a range around 1.90—3.64 eV (340—650
nm), thus covering the most important spectral signatures of the
NCs. In this way we were able to follow the carrier
recombination after the photoexcitation on relevant time scales.
In the transient absorption spectra of the high PLQY sample
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(Figure 3d), we can clearly identify three main signatures
assigned to bleach signals which are due to the ultrafast filling of
states after the photoexcitation that overlap with a broad
photoinduced absorption (PIA) signal (see SI for more
information): (i) a feature at around 3.46 eV (358 nm) is
assigned to the main transition involving the electronic states
deep in the CB of the DP, also visible in the ground state
absorption (Figure 2a and 3c) and (ii) two bands located at
around 2.61 eV (475 nm) and 1.95 eV (635 nm), assigned to
localized states within the bandgap, the latter ascribable to the
BiCls — AgCly transition responsible for the PL emission of our
NCs.”” The similar rise time of all these bleach signatures of
approximately 0.5 ps indicates that they share a common state.
When considering the energy level scheme as depicted in Figure
3c this is most probably connected to the VB states, that is, the
holes. Notably, in the low PLQY sample (Figure 3e), such
features are entirely absent or very weak. Instead, a new and
extremely short living feature is observed at ~3.1 eV which we
ascribe to the presence of surface trap-related transitions that
decay within few picoseconds (Figure $13). The main difference
between the two samples analyzed is that the features assigned to
the excitonic and Bi—Ag transitions are nearly absent in the low
PLQY sample. This can be tentatively explained by considering
that, in this sample, the photo-excited holes are immediately
trapped by the Cl states above Ag and Na ions. Thus, the main
optically active recombination channels that contribute to the
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emission are suppressed, leading to an overall decrease of the
overall PL efficiency. Moreover, if focusing our attention on the
decay dynamics of the feature at ~1.95 eV, that is assigned to the
localized exciton (Bi—Ag transition), we can observe a much
faster recombination rate in the low PLQY sample with respect
to the high PLQY sample, in line with the lower efficiency of the
former (Figure 3f). Taken together, our transient absorption
results indicate that surface hole trapping should play a major
role in lowering the PLQY of our NCs by suppressing the
efficient localization of holes at the AgCl octahedra which are,
therefore, absent for the recombination with photoexcited
electrons.

In summary, our work has shed light on the surface ligand
composition and topology of Bi-doped Cs,Ag, ,Na InCls NCs,
a double perovskite material system that in the bulk exhibits high
PLQY. The combination of various experimental analyses,
synthesis optimizations and modeling of both the electronic
structure and ligand shell led us to conclude that this material is
much less surface tolerant than the corresponding Pb-based
perovskites. Therefore, alternative surface passivation strategies
for colloidal NCs, for example the epitaxial overgrowth of a shell
of another metal halide or chalcogenide material, a standard
practice employed to enhance the optical properties of classical
II-V and III-V semiconductor NCs, should be sought to
further optimize the PLQY of these and, more in general, DP
NC systems.
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