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Abstract: Zinc blende 11-VI semiconductor nanoplatelets (NPLs) are defined at the atomic scale along
the thickness of the nanoparticle and are initially capped with carboxylates on the top and bottom
[001] facets. These ligands are exchanged on CdSe NPLs with halides that act as X-L-type ligands.
These CdSe NPLs are costabilized by amines to provide colloidal stability in nonpolar solvents. The
hydrogen from the amine can participate in a hydrogen bond with the lone pair electrons of surface
halides. After ligand exchange, the optical features are redshifted. Thus, ligand tuning is another way,
in addition to confinement, to tune the optical features of NPLs. The improved surface passivation
leads to an increase in the fluorescence quantum efficiency of up to 70% in the case of bromide.
However, for chloride and iodide, the surface coverage is incomplete, and thus, the fluorescence
quantum efficiency is lower. This ligand exchange is associated with a decrease in stress that leads to
unfolding of the NPLs, which is particularly noticeable for iodide-capped NPLs.

Keywords: nanoplatelets, ligands, strain, photoluminescence, halides.

*To whom correspondence should be sent: Sandrine.ithurria@espci.fr



Because of their atomically precise thickness control, cadmium chalcogenide nanoplatelets*? (NPLs)
have rapidly emerged as a promising material for optoelectronic applications such as field effect
transistors,’ photodetectors*® and light emitting diodes.®®

The precise thickness control prevents the appearance of inhomogeneous broadening® and leads to the
narrowest photoluminescence linewidth observed among nanocrystals (NCs) (=9 nm for an emission
at 510 nm). In this sense, these materials are even superior to CsPbBr; perovskite NCs.**! They also
present a higher crystal stability, with preservation of their crystal structure after washing and ligand
exchange. This exceptionally narrow green photoluminescence linewidth makes them especially
promising for designing large gamut displays, as shown in Figure 1b. Once combined with a blue
InGaN diode and red CdSe/ZnS NPLs,”** the color range achievable using the NPLs largely
surpasses that obtained from the same blue diode coupled with green and red quantum dots (in this
case, the photoluminescence linewidth considered is 35 nm).

While many efforts have been dedicated to understanding the growth mechanism of these CdSe
NPLs," several open questions remain regarding NPL integration. In particular, NPLs suffer from a
lack of spectral tunability. The band edge energy can be tuned only in a discrete manner while
increasing the thickness. Second, the photoluminescence (PL) efficiency of core-only objects on the
order of 20% remains too weak. These two issues can actually be related to the NPL surface
chemistry. This link is obvious in the case of the PL quantum vyield (QY), since partial surface
passivation is well known to lead to a decrease in the luminescence.'”™ In regard to spectral
tunability, it has recently been observed in the case of mercury chalcogenide NPLs??" that one can
tune the band edge energy by tuning the capping ligands. These properties directly result from the very
strong confinement occurring in NPLs, which induce partial delocalization of the wavefunction on the
surface capping molecules. Similar results have been observed on CdSe NPLs capped with thiols. In
this case, a clear redshift?® is obtained, but it is generally associated with quenching of the PL.

Recently, halide ligands® have attracted significant interest to passivate surface traps of NCs. Another
key feature is their shortness, which makes such surface passivation compatible with transport in solar
cells®* and field effect transistors.”> Halide are X-type® ligands, and they have also been grafted onto
NPL surfaces to control the PL yield or NPL shape?”?® or to serve as ripening agents to grow thicker
NPLs.?%

In this article, we demonstrate the exchange of native carboxylate ligands by halide ligands that are
costabilized by a primary amine due to hydrogen bonding on cadmium chalcogenide NPLs. This
exchange leads to an increase in the fluorescence efficiency (up to 70% in toluene) for core-only
NPLs. We also demonstrate that halide ligands reduce the stress at the surface of the NPLs, which
leads to their unfolding.*"*? Finally, the origin of the redshifts of the optical features is discussed, and
the NPLs are integrated into light emitting diodes (LEDS).



RESULTS AND DISCUSSION

Owen and coworkers® proposed using an organometallic chemistry formalism to discuss the different
types of ligands that can bind the surface of NCs. In this covalent bond classification, three types of
ligands, denoted L, X and Z, are defined depending on the number of electrons provided by the
ligating group. A ligand X (or L or Z) donates 1 electron (or 2 or O electrons). As an example,
carboxylates and phosphonates are X-type ligands. The zinc blende NPLs present X ligands on their
surface (see figure 1a), which ensures their stability and charge compensation.
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Figure 1: (a.) Scheme of a 4ML CdSe NPL with the top and bottom facet stabilized by X ligands (b.)
Chromaticity diagram obtained using a blue InGaN LED combined with CdSe NPLs as the green
source and CdSe/ZnS NPLs as the red source. For comparison, the color gamut obtained from
spherical QDs has been added. (c.) Picture of a solution of 4ML CdSe NPLs capped by either acetate
and oleate (on the left) or bromide and oleylamine (on the right) under UV light in toluene, (d.)
Picture of a solution of 4ML CdSe NPLs capped by either acetate and oleate (on the left) or bromide
and oleylamine (on the right) (e.) Evolution of the photoluminescence intensity and (f.) the absorption
during a ligand exchange from Ac-OA to Br-OLAm. TEM image of 4ML CdSe NPLs capped (g.) by
Ac-OA and (h.) by Br-OLAm



Here, ligand exchanges are performed at room temperature through the introduction of oleylamine
(OLAmM) and metal halides dissolved in methanol into a solution of NPLs in toluene. In contrast to the
optical features of spherical NCs,*** the exchange leads to a significant redshift of the optical features
(approximately 80 meV for 4 ML NPLs) (see figure 1e and 1f). The introduction of the ligands (CdBr;
and OLAm, denoted hereafter as Br-OLAm) leads to a fast loss of photoluminescence with the
appearance of a broad red tail in the absorption spectrum. After 20 minutes, a new absorption
transition appears at ~ 530 nm with a red tail. This peak blueshifts slightly and sharpens with time.
Jointly, the photoluminescence is recovered. After a few hours, the optical features stabilize. Overall,
the maximum emission shifts from 514 nm with acetate and oleate (Ac-OA) to 527 nm for Br-OLAmM
ligands. In the case of NPLs, the tuning of ligands, in addition to thickness tunability, is a way to
control optical features over the visible range. A slight increase in the full width at half maximum
from 9 nm to 12 nm (from 42 meV to 53 meV) was also observed. Such a large shift of the optical
features upon changing the surface chemistry from Ac-OA to halide-OLAmM has also been observed
for CdTe and HgTe NPLs (see Supp Info figure S2 and S5). In the case of 3 ML HgTe NPLs, it was
already observed that during the cation exchange, while changing the mercury precursor from Hg(Ac),
in trioctylamine to HgCl, in oleylamine, the first excitonic peak was shifted by approximately 100
nm.* However, for metal telluride NPLs, there is no increase in the PL QY.

In the case of CdSe NPLs, surprisingly, this ligand exchange, contrary to those already performed on
zinc blende NPLs,? leads to an increase in the PL QY (see figure 1c and 1d). On average, after ligand
exchange with Br-OLAm, the PL QY is approximately 70 £ 10%. Finally, the 2D shape of the NPLs is
preserved, as observed in the TEM images (figure 1g and 1h). Such a high increase in quantum
efficiency with CdX; ligands, called Z ligands, has recently been reported in CdTe NCs by Houtepen
and coworkers.* 1t should be pointed out that, eventhough the PL QY of Br-OLAm capped CdSe
NPLs in solution is high, it is still below 5 % for a film of NPLs. This difference may originate from
reabsorption effects arising from small Stokes shift in NPLs associated with the stacking of the NPLs
often observed on films (see Supp Info figure S6).

[y
a. Br-OLAmM | = Ac-0A
—acon | &
2
CH2 n
bending c
3
-7
D) N-H Sci?s’\:)t:ng B
O stretch L_) : 2 |1
= jo! B0 nm =t
8 O et S
o} - |c. ,
8 z Jee | Oleylamine
< g yy b
2 Lo 'l Hbond
g 7 N
c ‘ i (_/ Se
1 ) '), 3 ) Br c
4000 3000 2000 1000 450 500 550 600 ) o N

Wavenumber (cm-1) Wavelength (nm)

Figure 2: (a.) FTIR spectra of 4ML CdSe NPLs in green for the CdSe/Ac-OA and in orange for the
CdSe/Br-OLAm, (b.) absorption and (c) photoluminescence spectra normalized to the first excitonic
peak and the maximum emission of 4 ML CdSe NPLs capped with Ac-OA, CI-OLAm, Br-OLAm and I-
OLAm, (d.) and (e.) TEM images of 4 ML CdSe capped with CI-OLAm and I-OLAm.(f.) Scheme of the
surface of the NPLs with a halide acting as an XL ligand co-stabilized by the amine by hydrogen
bonding (dash lines).



Spherical NCs present different facets on their surface, and hence, it is usually necessary to have a
mixture of ligands to efficiently passivate the surface atoms in terms of dangling bonds and charge
balance. 11-VI semiconductor NPLs are defined at the atomic scale according to their thickness. An
NPL of N monolayers present N planes of chalcogenide alternating with N+1 planes of cadmium in
the [001] direction of the zinc blende structure. Thus, the NPLs present a supplementary plane of
cadmium, which is equivalent to having a positive charge on each cadmium from the surface on the
top and bottom facets. Each surface cadmium should be passivated by an X-type ligand to ensure the
charge neutrality of the NPL.

In 2017, Buhro and coworkers reported ligand exchanges with cadmium halides on wurtzite NPLs. %’

However, under these conditions, instead of introducing X-type ligands, the metal halides act as Z-
type ligands. In wurtzite NPLs, the top and bottom facets are neutral with stoichiometric ratios
between cadmium and selenium. Thus, the introduction of a Z-type ligand preserves the neutrality of
the NPLs while introducing an additional plane of cadmium on the surface. This explains why these
authors also observed a larger redshift of the optical features.

Here, the halide ligand acts not only as an X-type ligand but also as an L-type ligand due to its other
lone pairs. In the case of a cadmium vacancy on the surface, di-halide cadmium could act as a Z
ligand. The halides can therefore bridge two cadmiums and ensure charge compensation and the
tetrahedral environment of the surface cadmiums. For full passivation, the ratio between surface Cd
and halides should be 1:1.

Energy dispersive X-ray spectroscopy (EDX) shows the presence of halides after the exchange. The
proportions measured are close to those expected for a halide layer on the top and bottom facets of the
NPLs (see table 1). This means that a 4 ML NPL would have 4 planes of Se, 5 planes of Cd and 2
planes of halide after the exchange. However, if we look more closely at the results, the Cd/Se ratio is
slightly lower than expected for perfectly covered 3 and 4 ML NPLs. However, for all 3 ML and 4 ML
CdSe NPLs, the Cd/Se ratio is always greater than 1, meaning the NPLs are still cadmium rich. This
result is probably because some Cd vacancies exist on the surface of halide-capped NPLs. If we
consider one halide per surface cadmium considering the vacancies, the bromide-to-cadmium ratio is
in close agreement with the expected 1:1 ratio. As an example, ina 10 nm x 20 nm 4 ML CdSe NPL, a
1 nm thick crown around the NPL already represents more than ¥ of the surface. Knowing that the
ligands close to the edge are weakly bound,® the nonpassivated seleniums are probably on the edges.

For chloride and iodide, the values are also similar, but the halide-to-cadmium ratio is smaller. For
iodide, this difference might originate from the larger ionic radius that prevents full coverage of the
surface.

Table 1: Molar ratio of 3 and 4 ML CdSe NPLs capped with various ligands: carboxylates, CI-OLAm,
Br-OLAm and I-OLAm.

Cd (%) Se (%) X (%)

4MLs theory 55.6 44.4

4 ML Ac-OA 544+1 4561 <1
4MLs-X theory 45.4 36.4 18.2
4 ML CI-OLAmM 46.3+2 4062 13.3+2
4 ML Br-OLAm 443 +2 40.6 £2 151 +£2
4 ML I-OLAm 458 +2 4162 126+2

3MLs theory 57.2 42.8



3 ML Ac-OA 57.8+1 422+1 <1
3MLs-X theory 44.5 33.3 22.2
3 ML CI-OLAm 444 +2 40.3%2 154+2
3 ML Br-OLAm 40.8+2 38.9+2 20.3+2

3 ML I-OLAm 454 +1 41.3%1 134+1

To ensure that the exchange on the surface is predominantly an oleate/Br exchange (X ligand
exchange), the exchanges have been performed not only with CdX, but also with different metal
bromide salts. EDX measurements detect a small amount of the bromide counter cations on the NPLs.
The proportions show that less than 10% of the surface cadmiums have been exchanged by a “Z ligand
exchange” between Cd(oleate) and MBr.

These halide ligands are not sufficient alone to ensure the colloidal stability of NPLs in non-polar
solvents. That is why oleylamine is jointly introduced during ligand exchange. Under these conditions,
the NPLs are highly stable colloidally, even more stable than as-synthesized NPLs capped with
carboxylate, which usually stack with time. Infrared (IR) spectroscopy (see figure 2a) shows the
disappearance of the signal attributed to the carboxylate at 1527 cm™ and 1416 cm™. It also exhibits
peaks at 3180-3310 cm™ which highlights the presence of the primary amine on the surface of the
NPLs. These results were confirmed with photoemission measurements conducted on carboxylates
and Br-OLAm-capped 4 ML CdSe NPLs (see Supp Info figure S8 and S9). For carboxylate-capped
NPLs, the C 1s core level provides clear evidence of the presence of aliphatic chain ligands. In
addition to the C 1s contribution at 284.8 eV, we observed a second peak at a binding energy (BE) of
288.5 eV, which resulted from the carbon of the carboxylic acid group. After ligand exchange, the
XPS overview clearly reveals contributions from Br (see Br 3d and 3s core levels) and from amines
(N1s). A careful examination of the N1s state reveals only one contribution at a BE of 399.64 eV. This
allows us to exclude the presence of ammonium at the interface with bromide, since in this case, a
higher BE in the 401 to 402 eV range would have been expected.®® In addition, the C1s spectrum does
not present a peak at a BE of 288 eV, as does the carboxylate capped NPLs. This confirms the removal
of the initial carboxylate ligands. The Br-to-N ratio is estimated to be 1.2, suggesting a strong
complementarity of Br and oleylamine. The Br-to-Cd ratio is estimated to be 0.3 (0.4 would have been
expected for full coverage). The Cd:Se ratio determined by XPS (1.3) is quite close to the expected
value based on the particle shape (1.25 : 5 planes of Cd for 4 planes of Se) and differs slightly with the
one found in EDX. Thus, it still shows that the outer planes of the NPLs are Cd rich and capped with
halides.

In the NPLs, the top (001) and bottom (001) facets represent more than 85% of the surface. Thus, the
colloidal stability is driven by the nature of the ligands on these facets. Here, the amine binds to the
surface via hydrogen bonds with the lone pair electrons of the surface halide.* The fact that the peaks
between 3180 and 3310 cm™ are broad also suggests the presence of hydrogen bonds. Different
primary amines have been tested, and all show the same shift of the optical features (see Supp Info.
figure S1). However, the colloidal stability in the nonpolar solvent of the NPLs obtained decreases
with the chain length. A schematic overview of the NPL surface includes a layer of halide to ensure
the neutrality of the NPLs, costabilized by an amine via hydrogen bonds (see figure 2f.)

The amine also has a second role. Indeed, some experiments have been conducted using butanol to
generate hydrogen bonds and stabilize the NPLs in a non-polar solvent (see Supp Info figure S3).
These experiments show ligand exchange with a redshift of the absorption. However, the first exitonic
peak is redshifted compared to the exchange with OLAm (527 nm for OLAm, 543 nm with BuOH for



4 ML NPLs), and the NPLs do not exhibit any photoluminescence. EDX analysis performed on this
sample shows an excess of Cd and Br compared to Se (40.9% Cd, 28.2% Br and 30.9% Se). This
suggests that without OLAmM, layers of CdBr, are created instead of only Br on top of the NPL, which
leads to a larger redshift of the absorption and the absence of emission. However, adding OLAm to
this solution blueshifts the absorption peak to 527 nm and significantly increases the QY.
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Figure 3: (a) Photoluminescence decay of 4AML CdSe NPLs capped with Ac-OA and halide-OLAm. (b)
Summary of the fitting of the 4 decay rate when fitted with 3 exponentials giving 3 time components (in
ns) and their weight in percentage.

PL lifetime measurements were conducted to determine the influence of ligand exchange on the
recombination dynamics (figure 3). Two main differences can be seen in figure 3. (i) For CI-OLAmM
and Br-OLAm, we observe a loss of the fast (~ 1 ns) dynamic. This fast dynamic is often attributed to
fast nonradiative recombination due to surface defects.”” ™ (ii) For all halide-capped NPLs, we also
observe a reduction in the longer dynamic present for as-synthesized NPLs (~ 50 ns), which might be
attributed to a trapping/detrapping process.“’ Both of these observations are in accordance with a better
surface passivation of CI-OLAmM- and Br-OLAm-capped NPLs and explain the QY increase. However,
for I-OLAmM, nonradiative processes still occur and are consistent with the low QY observed, which is
even lower than that of pristine NPLs. This is characteristic of an incomplete or poor surface
passivation and is consistent with the lack of iodide on the surface measured by EDX. When a mixture
of CI-OLAm and I-OLAm is used, it is possible to achieve better passivation and hence a better PL
QY than when only I or Cl is used (see Supp Info figure S4).
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Figure 4: (a.) Side view of the 3ML CdSe NPLs (010) plane. The orange atoms are selenium, and the
green ones represent cadmium. The red triangles represent the direction of the bound for an ideal
tetrahedral environment (the cadmium dangling bound). (b.) Top and bottom facets of a 3ML CdSe
NPL. The cadmium environments are equivalent on both facets but rotated at 90° from each other. (c.)
Top and bottom facet of a 3ML CdSe NPL. The blue atoms represent the position of the ligands, which
can be halide ligands. The brown arrows indicate the direction of the stress (and hence the strain) on
the top and bottom facets. (d.) Scheme of an NPL with the brown arrows indicating the strain and an
NPL that has fold as a helix for stress release. (e.), (f.), (g.) and (h.) TEM images of 3 ML CdSe NPLs
in dark green for CdSe/Ac-OA, in light green the CdSe/CI-OLAm, in light orange the CdSe/Br-OLAm
and in red the CdSe/I-OLAm, which show the unfolding of the NPLs.

Jointly with the redshift of the optical features, we observe a change in the relaxed shape of the NPLs
(see TEM images in figure 4e-h). First, pristine 3 ML CdSe NPLs are folded as helices. This is a result
of strain at the surface of the NPLs. This strain is the result of a tensile stress induced by the ligands on
the top and bottom facets of the NPLs. To minimize their energy, the NPLs twist or fold depending on
their lateral dimensions. Indeed, in NPLs, the top and bottom facets are chemically equivalent but
orientated at 90° from each other (see figure 3b and 3c).* This difference comes from the zinc blende

structure and the presence of a 4 symmetry axis in the thickness direction. Thus, regarding the
rectangular shape of the NPLs and their orientation with thickness, length and width in the <001>
direction, the NPLs are chiral NCs. The surface cadmium atoms are linked to two selenium atoms and
are missing two atoms to be in their ideal tetrahedral environment. The ligands partially play a role in
addition to compensation for the charges. The difference in nature between the core selenium atoms
and the atoms from the ligands induces a surface strain whose direction is perpendicular to the
direction induced by two selenium atoms in the lower plane. The stress on the top facet is thus in the
[110] direction. There is an equivalent stress at the opposite facet but rotated by 90°, which means that
on the bottom facet, this stress is in the [110] direction. To release its internal elastic energy, which
contains two contributions: a stretching term and a bending term,** the NPL fold leading to strain that
are visible on XRD, with a shift of the peaks compared to the bulk values. In the case of wide NPLs,
as for the 3 ML NPLs, the elastic energy is dominated by the stretching term, and the NPLs form a
helix (see figure 4d).



At the end of the synthesis, the native ligands are carboxylate ligands that induce tensile stress in the
NPLs, as shown by X-ray diffraction (see figure 5a. in green). Indeed, the CdSe NPL diffractograms
exhibit peaks shifted compared to the bulk. In particular, the (220) peak is the superposition of two
peaks, a narrow one due to the lattice planes containing the z axis and thus related to the lateral
dimensions and a broad one, which contains the x or y axis related to the thickness.** The narrow peak
is shifted to smaller angles, showing an average lattice extension of a and b of approximately 6.17 A
instead of 6.05 A for the zinc blende CdSe structure. Here, we consider a tetragonal distortion, where
a and b are under tensile stress and ¢ should be under compressive stress. Such crystal distortion has
been reported by Masciocchi and coworkers on PbS nanocrystals, which relax from a rock salt
structure to a rhombohedral structure due to ligands.*

After ligand exchange with halide-OLAm, the XRD patterns show peaks that are much closer to those
expected for bulk zinc blende CdSe with a lattice parameter of 6.05 A (see figure 5a and b). In
particular, the (200) and (220) thin peaks are related to the planes in the zone with the [001] direction,
which is the thickness of the NPLs. Thus, the strain created by the halide ligands is lower than that for
Ac-0A ligands. This exchange is accompanied by an unfolding of the NPLs (see figure 4h). Here, the
larger the halide is, the stronger the unfolding (size of radii: r<rg<r;) (see figure 3f to 3i). The
complete unfolding for 1-OLAm ligands is suspected to also originate from a lower ligand surface
coverage of the NPLs (see table 1). The surface stress is lower, and thus, the NPLs do not need to fold
to relax. The nature of the ligands can also have an effect on the stress.
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Figure 5:(a.) Experimental X-ray diffractograms of 4ML CdSe NPLs capped with Ac-OA (in green)
and with 1-OLAm in red. The calculated X-ray pattern of 4MLs CdSe NPLs capped with lodide
bridging between two cadmiums. The gray lines represent the positions of the (111), (200), (220) and
(311) peaks of the zinc blende structure with a lattice parameter of 6.05 A (b.) Experimental X-ray
diffractometer of 4ML CdSe NPLs capped with Br-OLAm (in orange). In addition, calculated X-ray
patterns of 4 MLs CdSe NPLs capped with bromide bridging between two cadmiums (in blue, same
position as the Se) and when bromides are on top of the cadmiums (in pink, distance Cd-Br equal to
2.26 A). (c.) and (d.) cells of the 4 ML CdSe NPLs with halides bridging two cadmiums or halides on
top of the cadmiums (in green the cadmiums, in orange the selenide and in blue the halides).

The XRD patterns also show peaks that are not expected for a zinc blende NC at 26 equal to 21 and
32°. In the case of CI-OLAmM and Br-OLAm ligands, the peaks at 21.8° are at the same positions,
while in the case of I-OLAmM-capped NPLs, this peak is shifted to smaller angles (see Supp Info Figure
S10f). These peaks are directly related to the presence of the halides on the NPLs, and they are barely
observable when the NPLs are capped with carboxylates. Peng and coworkers* have suggested that
contrary to other NCs, due to their thin thickness, it is preferable to define a new cell, where in the x
and y direction, the lattice parameters are those of the zinc blende structures, but in the z direction, the
lattice parameter is defined by the thickness of the NPL.



To understand the positions of the halides and their effects on the XRD patterns, we calculated XRD
diffractograms by using the Debye scattering equation with atom positions corresponding to a 9 x 18
nm 4 ML CdSe NPL with a lattice parameter of 6.05 A capped with halides. The position of the atoms
was obtained using Carine crystallography software, and the atomic scattering factor was calculated
using values from literature® (see Supp Info for more details). Two cases have been studied: (i) when
the halides bridge two cadmiums (as an additional layer of selenium) and (ii) when the halides are
positioned vertically on top of the cadmiums (see figure 5¢ and d).

In case (i), the positions of the peaks are in strong agreement with the 1-OLAmM-capped NPLs. While
the halides are shifted closer to the surface of the NPLs, the first peak between the (200) and (220)
peaks is shifted to larger angles but also broadens. When it is moved further, the peaks become
narrower but shift to smaller angles (see Supp Info figure S11 to S12). In case (ii), when the Cd-Br
distance is equal to 2.27 A, the peak at 21.8° is close to that observed for CI-OLAM and Br-OLAm
capped NPLs; however, the (111) and (311) peaks are shifted to smaller angles (see Supp Info figure
S11 to S12). If the Cd-Br distance is reduced, the peaks indeed shift in the right direction; however, it
has no more physical sense since the distance is too small. When this distance is increased, the (111)
and (311) peaks shift toward smaller angles compared to the experimental data. Thus, it is likely that
bromide and chloride are X-L-type ligands but are not exactly at equal distances between the two
cadmiums. The surface cadmiums are probably in a distorted tetrahedral environment but are much
less distorted than when they are capped with carboxylate.

By comparing the calculated X-ray and experimental patterns, a difference in the peak intensity is
observed (see figure 5a and b) (in the calculation, the Debye factor has not been taken into account,
although it introduces a decrease in the peak intensity at wide angles). In particular, the I-OLAmM-
capped NPLs present a very intense (200) peak in comparison to the (111) peak. The fact that I-
OLAm-capped NPLs are unfolded also favors their stacking, as can been observed in the TEM image
in figure 2d. Hence, when the NPLs are dropcast on the substrate, they line up either horizontally or
vertically when they are stacked. Thus, the NPLs are partially oriented on the substrate, and the planes
in the zone with the thickness efficiently diffract the X-rays. This is less noticeable for CI-OLAm and
Br-OLAmM NPLs since, as can be observed in the TEM images, they still twist even if the stress is
lower than that for carboxylates, as demonstrated by the (220) peaks.

A question that can be raised concerns the origin of the absorption redshift when exchanging
acetate/oleate with halides/fOLAmM. Two complementary effects can be considered: (i) the variation in
the thickness due to an extension/contraction of the lattice due to stress and (ii) delocalization of the
wavefunction over the ligands. One key point concerning the NPLs is that the energy of the first
transition is not proportional to 1/P? (where P is the number of planes in the NPL) as expected for an
infinite quantum well (see figure 6). Instead, the energy of the first excitonic transition is proportional
to 1/P. This observation arises from the large exciton binding energy in the NPLs, the large dielectric
confinement, the mirror charges and the quantum confinement and can be anticipated using a tight
binding calculation.*®*” Here, we have performed ligand exchanges from Ac-OA to Br-OLAm on
CdSe NPLs from 2 to 7 MLs,* which means from 5 to 15 planes (see Supp Info figure S14). We
observe that in both cases, the variation in the first excitonic peak energy is linear with the inverse of
the number of planes; however, the slopes are different.

As mentioned previously, the variation in the thickness can explain the first exciton energy shift.
When 4 ML CdSe NPLs are capped with carboxylates, the a and b lattice parameters (in the lateral
dimensions) are both on average equal to 6.17 A instead of 6.05 A, which means that using the
classical mechanical equation and a Poisson ratio of 0.33 for CdSe, this expansion should lead to a



contraction of the ¢ parameter to approximately 5.93 A (see Supp Info). Under these conditions, a 3
ML CdSe NPL would be 13.3 A thick instead of 13.6 A (equivalent to 8.84 planes with a plane of 1.52
A see the shift from the dark blue to the blue in figure 6b). For all the NPLs, the XRD patterns enable
the determination of the lattice parameter in the lateral dimensions of the NPLs capped with
carboxylates and the deduction of their thickness after contraction and the equivalence in terms of the
plane’s number. In addition to this thickness variation, the strain induces a variation in the material’s
gap, which can be estimated using Hooke’s law*® (see Supp Info). The blue squares are shifted down
from the green squares. Despite this stress being taken into account, the points are not shifted enough
to be on the same slope as those of the halide-capped NPLs. Now, if we consider that CdSe/Br-OLAmM
are relaxed and that each plane thickness is 1.52 A, it is necessary to add another 0.4 plane (2 times 0.2
plane on both sides of the NPL) to align the first exciton energy on the same slope. In other words, the
wavefunction is partially delocalized on the layer of halide. Of course, this simple model does not take
into account the variation in the exciton binding energy or the variation in the dielectric environment
while performing ligand exchange.
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Figure 6: (a.) Variation in the first exciton energy as a function of the inverse of the number of planes
in NPLs: dark blue, NPLs capped with carboxylates; dark red, NPLs capped with Br-OLAM. (b.)
Variation in the first exciton energy as a function of the inverse of the number of planes in NPLs, while
taking into account the compression of the thickness due to tensile stress of the carboxylate ligands
(blue) and while taking into account the variation in the gap with the compression (green) or while
delocalizing the wavefunction on the equivalent on 0.2 plane on the bromide (in yellow).

Finally, the 4 ML CdSe NPLs have been incorporated into LEDs with a structure proposed by Dai et
al.* The electroluminescence efficiency remains low but was previously optimized for core/shell
nanoparticles (see supp info figure S16).

CONCLUSION

In conclusion, halide ligands can be used as X-L-type ligands for zinc blende 1I1-VI semiconductors.
The NPLs are highly stable colloidally in nonpolar solvents due to the costabilization of the surface
with amines that bind to the halides via hydrogen bonding. In the case of CdSe NPLs, the Br-OLAmM
leads to a passivation of traps and thus an increase in the fluorescence QY, which can reach up to 70%.
The halide ligands reduce the stress initially induced by carboxylates and lead to an unfolding of the
NPLs, which is complete for iodides.
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METHODS
CHEMICALS

Octadecene (ODE) (Aldrich, 90%), cadmium acetate dihydrate (Cd(Ac),) (Strem, 98%), cadmium
oxide (Strem, 99.99%), myristic acid (Aldrich, >99%), oleic acid (OA) (Aldrich 90%), selenium
(Strem Chemicals 99.99%), tellurium powder (Sigma-Aldrich, 99.99%), acetone (VWR, 99%), hexane
(VWR, 99%), ethanol (VWR, 95-97%), butanol (VWR, <99.5%), cadmium bromide tetrahydrate
(CdBr») (Aldrich, 98%), cadmium chloride (CdCl,) (Aldrich, beads, 99.999%), cadmium iodide (Cdl,)
(Aldrich, 99%), propionic acid (Aldrich, 99%), oleylamine (OLAmM) (Acros, 80-90%),
trioctylphosphine (TOP) (Cytec, Solvay), tributylphosphine (TBP) (Cytec, Solvay), potassium
bromide (KBr, Sigma Aldrich, 99%), manganese bromide tetrahydrate (MnBr,,4H,0 Aldrich, 98%),
nickel bromide hydrate (NiBr,,H,O Aldrich, 98%), zinc bromide dehydrate (ZnBr,,2H,O Aldrich,
99%), ammonium bromide (Nh,Br, Sigma Aldrich, 99%), methanol (VWR, 99.9%), toluene (VWR,
99.5%), N-methylformamide (NMF) (Carlo Erba, 99%), and sodium borohydride (NaBH,) (Sigma,
99%) were used.

PRECURSOR PREPARATION

Cadmium myristate Cd(Myr),: In a 50 mL three-neck flask, 2.56 g of CdO and 11 g of myristic acid
are mixed and degassed for 30 minutes at 80 °C. Then, under argon flow, the temperature is set to 200
°C until the solution becomes colorless (approximately 40 minutes). At 60 °C, 30 mL of methanol is
added to solubilize the excess myristic acid. The cadmium myristate is then washed 5 times with
methanol. It is finally dried 24 hours under vacuum at 70 °C.

CdX; 50 mM solution: 0.05 mmol of CdX, (X=Cl, Br, I) are added to 1 mL of MeOH. The solution is
sonicated until the full dissolution of the halide precursor.

NANOCRYSTAL SYNTHESIS

CdSe 3ML synthesis: In a 50 mL three-neck flask, 240 mg Cd(Ac), and 10 mL ODE are mixed and
degassed at 70 °C for 30 minutes. Then, under Ar flow, the temperature is set to 190 °C. At that
temperature, a mixture of 200 uL of OA, 400 pL of TOPSe 1 M and 3.75 mL of ODE is added
dropwise at a rate of 5 mL/h. Five minutes after the end of the injection, 500 pL of OA is added, and
the temperature is decreased. The NPLs are precipitated once with 15 mL of hexane and 15 mL of
ethanol and redispersed in 20 mL of hexane.

CdSe 4ML synthesis: In a 50 mL three-neck flask, 24 mg of Se, 340 mg of Cd(Myr), and 25 mL of
ODE are mixed and degassed under vacuum for 15 minutes at room temperature. Under argon flow,
the temperature is then set to 240 °C. At 195 °C, when the solution is orange, 110 mg of Cd(Ac), are
added to the mixture. The temperature is held at 240 °C for 10 minutes. Then, 500 pL of OA is added,
and the solution is cooled to room temperature. After adding 25 mL of hexane and 25 mL of ethanol,
the NPLs are precipitated at 6000 rpm for 5 minutes. Then, the supernatant composed of dots is
discarded, and the NPLs are redispersed in 20 mL of hexane.

Ligand exchange procedure: For 4 ML NPLs, 100 pL of a solution of CdSe NPLs is diluted in 3 mL of
toluene. Then, 20 uL of OLA is added. Then, 30 pL of the halide solution is added. The solution is
quickly mixed to homogenize. The amount of halide added is chosen to provide 10 halide anions per
surface cadmium. The same procedure has also been performed with higher NPL concentrations. To
do so, we increase by a factor of up to 5 all the quantities, except toluene. For 3 ML NPLs, the
protocol is the same except that we use 30 pL of the NPL solution, 20 pL of OLA and 40 pL of the



halide solution (still 10X/Cds,s). Similarly, we can also exchange in more concentrated solutions. For
2, 5 and 6 ML solutions, we mix 200 pL of NPL solution with 50 pL of OLA in 3 mL of toluene and
add 100 pL of the bromide solution. For EDX, XRD, TEM and FTIR, the NPLs are precipitated once
using as little MeOH as possible and redispersed in toluene.

MATERIAL CHARACTERIZATION

UV-visible spectra are acquired with a Shimadzu UV-3600 spectrometer. Photoluminescence and
excitation spectra are obtained with an Edinburgh Instrument spectrometer. For PL lifetime
measurements, a pulsed laser at 375 nm is used with a repetition time of 500 ns. The
photoluminescence quantum yield of NPLs is determined in comparison with Fluorescein reference
dye using the following expression:

QYnpLs=QYpyeX(Inpus/! Dye)x(oDDye/ODNPLs)X(nZNPLs/nZDye)

where QYpye is the dye quantum yield for a given excitation wavelength, lopspye iS the integrated
fluorescence intensity, ODqpspye IS the optical density of the QDs and dye solutions and Ngpspye IS the
refractive index of the QDs and dye solutions, respectively.

A JEOL 2010 transmission electron microscope operated at 200 kV is used to observe the
nanoparticles. The grids are prepared by dropcasting a solution of NPLs dispersed in toluene in the
sub-monolayer regime and degassed overnight under secondary vacuum.

FTIR: A Bruker Vertex 70 in an ATR configuration is used for the measurements. For the
measurements, a solution of NPL is dropcast on the diamond cell. The measurement is conducted
when the solution is fully dried. Thirty-two spectra are averaged with a 4 cm™ resolution.

XRD: The sample is prepared by dropcasting a solution of NPLs on a Si wafer. The diffractometer is a
Philips X Pert based on the emission of the Cu K, line operated at 40 kV and 40 mA.

EDX: Energy dispersive X-ray (EDX) analysis is conducted by dropcasting a solution of NPLs onto a
conductive carbon patch. The measurement is performed using an Oxford EDX probe in an FEI
Magellan scanning electron microscope. The current of the beam is 1.6 nA, and the operating bias is
set to 20 kV.
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