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Compositional Grading for Efficient and Narrowband

Emission in CdSe-Based Core/Shell Nanoplatelets

Aurelio A. Rossinelli,' Henar Rojo," Aniket S. Mule,” Marianne Aellen,” Ario Cocina,’
Eva De Leo," Robin Schéublin,* and David J. Norris*'

¥ Optical Materials Engineering Laboratory, Department of Mechanical and Process Engineering, ETH
Zurich, 8092 Zurich, Switzerland

* Laboratory of Metal Physics and Technology, Department of Materials,
ETH Zurich, 8092 Zurich, Switzerland

ABSTRACT. Colloidal semiconductor nanoplatelets exhibit exceptionally narrow photoluminescence
spectra. This occurs because samples can be synthesized in which all nanoplatelets share the same
atomic-scale thickness. As this dimension sets the emission wavelength, inhomogeneous linewidth
broadening due to size variation, which is always present in samples of quasi-spherical nanocrystals
(quantum dots), is essentially eliminated. Nanoplatelets thus offer improved, spectrally pure emitters
for various applications. Unfortunately, due to their non-equilibrium shape, nanoplatelets also suffer
from low photo-, chemical, and thermal stability, which limits their use. Moreover, their poor stability
hampers the development of efficient synthesis protocols for adding high-quality protective inorganic
shells, a well-known strategy to improve the performance of quantum dots. Herein, we report a general
synthesis approach to highly emissive and stable core/shell nanoplatelets with various shell
compositions, including CdSe/ZnS, CdSe/CdS/ZnS, CdSe/CdxZni xS, and CdSe/ZnSe. Motivated by
previous work on quantum dots, we find that slow, high-temperature growth of shells containing a
compositional gradient reduces strain-induced crystal defects and minimizes the emission linewidth
while maintaining good surface passivation and nanocrystal uniformity. Indeed, our best core/shell
nanoplatelets (CdSe/CdxZn1-xS) show photoluminescence quantum yields of 90% with linewidths as
low as 56 meV (19.5nm at 655nm). To confirm the high quality of our different core/shell
nanoplatelets for a specific application, we demonstrate their use as gain media in low-threshold ring
lasers. More generally, the ability of our synthesis protocol to engineer high-quality shells can help

further improve nanoplatelets for optoelectronic devices.



INTRODUCTION

Photoluminescence, the process by which a material absorbs and re-emits light, is critical for
many photonic and optoelectronic devices. Consequently, highly luminescent semiconductor
nanocrystals have been developed for applications such as solid-state lighting, displays, and lasers.!”
When a nanocrystal absorbs a photon, an electron—hole pair (or exciton) is created whose energy is
affected by the nanocrystal boundary. Electron—hole recombination can then lead to the emission of a
photon with a wavelength tunable via nanocrystal size and shape. State-of-the-art nanocrystals have
been designed to exploit this effect and exhibit efficient luminescence in different wavelength ranges.
Arguably, the most studied nanocrystals have been those with a quasi-spherical shape, particles known
as colloidal quantum dots (QDs). However, even after several decades of development, the best QD
samples still exhibit a size distribution. This leads to spectral broadening in the absorption and
emission characteristics, affecting performance in nanocrystal-based devices.

This broadening can be significantly reduced in a newer class of semiconductor nanocrystals
known as nanoplatelets (NPLs). These particles have a thin rectangular shape with a uniform thickness
of only a few atomic monolayers and lateral sizes of ~10 to 100s of nanometers.”® In the case of CdSe
NPLs, the thickness is sufficiently small that photoexcited electron—hole pairs are strongly confined
in this one dimension.” The optical properties are then governed by this thickness. If the lateral sizes
are above 10 nm, variations in these other two dimensions have negligible impact.!® Also, because
samples can be prepared in which all NPLs have the exact same thickness (e.g., 4 monolayers), NPLs
can provide narrower absorption and emission lines than QDs. Thus, they offer color purity for lighting
and displays, and enhanced gain for lasers.!!"!?

However, as prepared, NPLs are less photostable!® and exhibit a lower photoluminescence
quantum yield (QY) than state-of-the-art QDs. The fluorescence of NPLs is also highly sensitive to
their geometry'# and chemical environment.'> The best QDs exploit “core/shell” structures, in which
a layer of another material is deposited to protect the exciton from the surface and reduce the
interaction with surface trap states and the surrounding matrix.® Moreover, protocols for growing a
shell on the QD core have been continually improved and high-quality core/shell nanocrystals can
now be produced for a large variety of shell types.*!%!® Such protocols typically utilize extended
reaction times, high reaction temperatures, and customized precursor and ligand combinations. This
allows for the epitaxial growth of uniform crystalline shells with a smooth core/shell interface, good
surface passivation, and near-unity QYs.

For NPLs, however, core/shell structures of such high quality with simultaneously stable,
efficient, and narrow emission have been more challenging to synthesize. The small thickness and
anisotropic shape of NPLs lead to a lower thermodynamic stability compared to QDs.!” This renders
them prone to dissolution at elevated temperatures, making high-temperature shell growth difficult.

As an alternative approach, colloidal atomic layer deposition (c-ALD) at low temperature can be used
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to grow shells.?’2! This method allows for a wide range of possible core/shell combinations and avoids
issues related to low thermal stability. Unfortunately, the resulting NPLs typically show relatively low
QYs, and their synthesis requires many purification steps, essentially one after each atomic layer is
added to the shell.

A few protocols do exist that employ a continuous growth of the shell at relatively low
temperatures. While such core/shell NPLs achieved QYs up to 80%, they suffer from limited
reproducibility, and non-uniform and defective shell growth that broadens the emission.2*?*
Presumably, these limitations are a result of the synthesis being performed at lower temperatures.
Meeting the fundamental challenges associated with the stability of NPLs at high temperature may
allow new and improved core/shell NPLs with higher QY's, uniformity, and stability to be obtained.

To move in this direction, we recently succeeded in growing CdS shells on CdSe NPLs at high
temperatures.? By improving the thermal stability of CdSe NPLs with the addition of cadmium oleate,
we minimized the NPL dissolution at high temperature and obtained uniform and bright core/shell
NPLs with narrow emission linewidths. (Since our work appeared, an alternative high-temperature
approach, in which NPL cores are injected into the growth solution at high temperature, has also been
reported, but without QY values.?®) In principle, our approach could also be applied to other shell
types to create core/shell NPL structures with improved and tailored optical and electronic properties.
However, a deeper understanding of the shell growth on such quasi-two-dimensional (quasi-2D)
nanoplatelets is necessary to develop robust and efficient synthesis protocols.

In the following, we address this need by investigating the high-temperature growth of a variety
of shells on CdSe nanoplatelets. In particular, our synthesis protocol allows us to explore core/shell
structures that have been well investigated in CdSe QDs.!%1727-2 First, we discuss the effect of strain
in CdSe/ZnS core/shell NPLs and elucidate the limitations of ZnS in providing a uniform shell
morphology for narrow emission linewidths. Our conclusions are verified by introducing a bridging
layer of CdS between CdSe and ZnS. Second, to reduce the emission linewidth and improve the QY,
we develop optimized CdSe/CdxZni-xS core/shell NPLs with a compositionally graded shell. Such
core/shell NPLs exhibit high particle crystallinity and uniformity, narrow emission linewidths, and
high QYs. We discuss the improved quality and characterize the structural and optical properties of
these graded core/shell NPLs. Finally, we demonstrate the general flexibility of our coating protocol
by synthesizing core/shell NPLs with a ZnSe shell. We conclude with a demonstration of the utility of

our core/shell NPLs by examining their use in all-NPL ring lasers.

RESULTS AND DISCUSSION

CdSe/ZnS Core/Shell NPLs. As mentioned above, we previously developed a high-temperature
protocol for the addition of uniform CdS shells to CdSe NPLs.?® However, the imperfect protection of
the exciton by the CdS shell can be a limiting factor for the photoluminescence efficiency of CdSe/CdS
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core/shell NPLs. One potential solution is to exploit a larger-bandgap material for the shell. The
exciton is then more strongly confined to the core, and any effects of an incomplete surface passivation
can be reduced.’® This was recently implemented by synthesizing highly luminescent CdSe/ZnS
NPLs.>*3! However, the efficient photoluminescence in CdSe/ZnS NPLs came with broadening of the
emission linewidth and an irregular shell growth. Our first goal was to study these problems and see
if they could be avoided to obtain high-quality ZnS shells.

Therefore, we synthesized CdSe/ZnS core/shell NPLs by modifying our previously reported high-
temperature protocol for CdS shells. The final particles, which resulted from the detailed studies
described in the next paragraphs, are shown in Figure la. To achieve this result, an approach to
minimize the interfacial strain was employed. Otherwise, shape irregularities would emerge. For
instance, we found that while thin ZnS shells could form a relatively uniform surface, indicative of
controlled epitaxial shell growth, irregular shells arose with increasing ZnS thickness (see Figure S1
in the Supporting Information). This is expected as CdSe and ZnS have a large lattice mismatch
(~12%). Furthermore, NPLs have a flat and significantly larger surface than QDs. As a result,
increased strain with thicker ZnS shells can be released by forming defects in the shell.32-3*

Our approach to minimize the interfacial strain and the resulting shape irregularities was to modify
the structure and alloy the interface. For this purpose, we reduced the initial precursor concentration
and increased the monomer solubility. We added only 25% of the total amount of Zn(OA)2 at the
beginning of the reaction and injected the remaining part along with 1-octanethiol at 300 °C.
Furthermore, we injected oleic acid (OA) together with I-octanethiol. This excess of OA was
necessary to avoid the formation of irregularly shaped shells (Figure S2). It is well known that OA
increases the monomer solubility and reduces the growth rate.*® Under these adjusted synthesis
conditions, we avoided the irregular shell growth and could reduce the emission linewidth (Figure S3).
The core/shell structure was then analyzed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF STEM) and energy-dispersive X-ray spectroscopy (EDS) (Figure la
and Figure 2). We measured a shell thickness of 1-1.5 nm, which is smaller than for CdSe/CdS NPLs
using the same amount of precursor. The EDS analysis (Figure 2) reveals the presence of Cd and Se
in both the core as well as the inner part of the shell. Partly, this can be explained by diffusion. At such
high reaction temperatures cation diffusion is enhanced,*® which can lead to alloying of Cd and Zn at
the core/shell interface. In contrast, anion diffusion is substantially slower, and we do not observe
strong anion diffusion into the shell of CdSe/CdS NPLs synthesized under the same conditions.
However, a reduction of the lateral size of CdSe/ZnS NPLs (~150 nm?) compared to the CdSe NPL
seeds (~210 nm?) can be observed. We believe that the smaller lateral size results from a prolonged
initial etching of the CdSe NPLs due to the slower growth rate. The subsequent incorporation of this
dissolved material into the shell enhances interfacial alloying and explains the detection of Cd and Se

in the shell. This is further supported by the relative concentrations of Cd and Zn in these core/shell
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NPLs. Despite a shell thickness of 1-1.5 nm, and thus a larger volume of the shell compared to the
core, our EDS analysis shows a ratio Zn:Cd of only ~0.73:1. Such a small ratio can be achieved only
if the shell contains Cd from a partial dissolution of the core.

These experiments also indicate that the use of Zn(oleate): [Zn(OA):] instead of Cd(oleate)2
[Cd(OA)2] as the cation precursor affects the etching of the NPLs prior to shell growth. To examine
this effect, we monitored the absorption spectrum and the shape of CdSe NPLs while heating to 300 °C
with either Cd(OA)2 or Zn(OA)z. In the presence of Zn(OA)2, an increased broadening of the lowest-
energy excitonic peak and an emergent absorption at wavelengths longer than the NPL excitonic
features can be observed (Figure S4). An analysis of the corresponding HAADF STEM images shows
no significant difference in the average lateral size at high temperatures (Figures S5 and S6). However,
these images reveal a substantial change in the shape at high temperatures. In the presence of Cd(OA)2,
the NPLs dissolve slowly and morph into uniform circular disks. In contrast, Zn(OA)2 enhances the
facet-specific dissolution towards non-uniform shapes. Furthermore, a higher signal intensity was
recorded in HAADF STEM at the edges of the NPLs that were treated in Zn(OA): at high temperature,
indicating an increased thickness. This irregular material transfer to the edges can explain the increased
absorption at longer wavelengths and the broader excitonic features measured for these aliquots. Such
an anisotropic material transfer induced by Zn(OA): has also been observed previously on other
nanocrystals.?” We conclude that a combination of high strains in CdSe/ZnS NPLs and the anisotropic
etching had induced the previously observed emission broadening and irregular shell morphology. By
adjusting the shell growth conditions, these effects could be reduced in CdSe/ZnS NPLs (Figure 1a).

CdSe/CdS/ZnS Core/Shell/Shell NPLs. To test this understanding further, we coated CdSe
NPLs with CdS before the growth of ZnS. In this heterostructure, CdS reduces strain by bridging the
lattice mismatch between CdSe and ZnS. Indeed, for QDs such a shell structure resulted in better
optical properties, while maintaining relatively narrow emission linewidths of 77 meV (24 nm at
~620 nm).!” In addition, for NPLs the use of Cd(OA): as the precursor for the CdS shell growth avoids
the anisotropic etching of the CdSe core. To obtain CdSe/CdS/ZnS NPLs, we coated CdSe NPLs first
with CdS by the slow injection of 1-octanethiol at 300 °C into a mixture of CdSe NPLs and Cd(OA)a.
This step was then followed by a second slow injection of 1-octanethiol and Zn(OA):2 at 280 °C. Figure
1b shows a HAADF STEM image of such CdSe/CdS/ZnS NPLs. They have a uniform morphology
with a shell thickness of approximately 2—3 nm. Interestingly, we noticed an improved colloidal
stability of the final core/shell/shell NPLs after the addition of ZnS. This suggests that the ligands are
bound more strongly on the NPLs capped with ZnS than CdS.*® After the ZnS overcoating, we also
measured an increase in the QY from 60-70% in CdSe/CdS NPLs up to ~80% in CdSe/CdS/ZnS
NPLs.

CdSe/CdxZn; xS Core/Shell NPLs. The above data demonstrate the advantage of combining

CdS and ZnS in the shell and indicate the dual benefit of strain reduction and improved surface
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passivation. It also suggests that the ideal shell would contain a gradual increase in concentration of
ZnS towards the surface. We therefore designed a synthesis protocol for a compositionally graded
alloyed shell with a Cd-rich inner part and a Zn-rich outer part. It has been shown that cadmium
chalcogenides grow on CdSe at a higher rate than the corresponding zinc chalcogenides.**-*° This
difference in the reaction rates enabled us to obtain the desired composition gradient by combining
CdSe NPLs with Cd(OA)2 and Zn(OA): in different ratios. The shell synthesis was performed at
300 °C by slowly injecting 1-octanethiol together with oleic acid. Figure 1lc shows such
CdSe/CdxZnixS core/shell NPLs using a [Cd(OA)2] : [Zn(OA)2] precursor ratio of 1:2. This approach
resulted in crystalline and uniform shells with a thickness of 1.5-2 nm. Compared to the original
synthesis of CdSe/CdS NPLs, nearly no formation of side products was observed. We attribute this
reduced homogeneous nucleation to a higher monomer solubility due to the injection of oleic acid and
the lower reactivity of the Zn-precursor.>** We discuss the optimization and characterization of
CdSe/CdxZni-xS core/shell NPLs further in a later section.

CdSe/ZnSe Core/Shell NPLs. In principle, such a graded composition can be synthesized also
with other shell materials. However, to the best of our knowledge, protocols for coating NPLs with a
uniform shell have so far been limited to sulfide shells. By synthesizing novel shell types, the available
core/shell NPL systems can be extended, which allows additional control over the NPL properties. We
therefore examined ZnSe as an additional shell material. Because the lattice mismatch between CdSe
and ZnSe (~6%) lies between the values for CdSe—CdS (~4%) and CdSe-ZnS (~12%) , we expected
to benefit from compositional grading but have a more uniform shell growth than for CdSe/ZnS NPLs.

For the Se precursor, we used a solution of Se dissolved in 1-octadecene (Se-ODE). To obtain
CdSe/ZnSe core/shell NPLs, we then slowly injected Se-ODE together with oleic acid at different
temperatures between 260 and 300 °C into a mixture of CdSe NPLs and Zn(OA).. Because Se-ODE
exhibited higher reactivity than 1-octanethiol (the sulfur precursor used above), the control of the shell
growth was more challenging, and we observed substantial homogeneous nucleation of ZnSe
nanocrystals. Figure 1d shows the NPLs resulting from the synthesis at 300 °C. We measured a shell
thickness of 2—3 nm in these CdSe/ZnSe NPLs, which is slightly larger than for NPLs with ZnS shells.
This faster growth can be attributed to a higher reactivity of Se-ODE compared to 1-octanethiol,
leading to a faster and more complete precursor conversion.

When the composition was analyzed by EDS, the Cd was found in the shell despite the absence
of Cd as a precursor during the shell growth (Figure S7). Similar to the case of ZnS shells, this may
be explained by a partial dissolution of the CdSe NPL cores and the subsequent incorporation of this
material into the shell (see Section S1 in the Supporting Information). Furthermore, since only the
cation is altered between core and shell, the high reaction temperature is expected to accelerate the

cationic diffusion near the core/shell interface.>°



X-Ray-Diffraction (XRD) Analysis. XRD results can complement the characterization of the
crystal structure performed by electron microscopy. All of our core/shell NPLs show zinc blende (zb)
diffraction peaks, indicating that the shell adopts the crystal structure of the core (Figure 3). (Data for
the initial CdSe NPL cores are provided in Figure S8.) Among the core/shell NPLs, differences in the
peak width and shape can be observed. While the CdSe/CdS/ZnS NPLs show the narrowest diffraction
signals, the peaks broaden substantially in the CdSe/ZnS NPLs. Partially, this is caused by the
difference in lateral size and thickness of the NPLs, which affects the Scherrer line broadening.
However, strain in the core/shell NPLs also contributes to the peak broadening. CdSe has a larger
lattice constant than the material in the shell. Thus, a higher content of Zn and/or S in the shell strains
the NPLs more. This results in a spread of the diffraction angles and broadens the pattern.

In addition, the core/shell structure also affects the symmetry of the diffraction peaks. The larger
lattice constant in the core contributes to the diffraction signal at smaller angles. However, the smaller
volume of the core compared to the shell reduces its contribution to the pattern and explains the
observed asymmetry of the diffraction peaks [most obvious for the (220)-reflections of
CdSe/CdxZnixS and CdSe/ZnS NPLs near 43°]. Furthermore, biaxial strain in the core/shell NPLs
owing to the quasi-2D geometry of the core may increase the peak asymmetry.*!

Optical Characterization of Core/Shell NPLs. The influence of the shell composition on the
emission was characterized by absorption and emission spectroscopy (Figure 4). We achieved narrow
emission linewidths below 60 meV [full-width-at-half-maximum (FWHM)] for our core/shell NPLs.
While this value is broader than the initial CdSe NPL cores (38 meV, 8.1 nm; see Figure S8), it is
significantly lower than state-of-the-art QDs (77 meV).!” The smallest values were measured for
graded CdSe/CdxZn1xS core/shell NPLs (56 meV, Table 1). For 4-monolayer-thick-CdSe/CdxZni-xS
NPLs emitting at 655 nm, this linewidth corresponds to a 19.5 nm FWHM (Table 1). Of our different
optimized NPLs, only CdSe/ZnS core/shell NPLs showed a significantly broader emission peak with
a FWHM of ~76 meV (~23.7 nm at 620 nm, Table 1).

For CdSe/CdS/ZnS NPLs we measured emission wavelengths centered at 660—670 nm. Slightly
shorter values were obtained for CdSe/CdxZni1-xS NPLs where we measured 655 nm for a precursor
ratio of Cd(OA)2 : Zn(OA)2 = 1:2. This can be attributed to a small difference in the shell thickness
and a different Cd content in the shell. Reducing Cd (in favor of Zn) increases the exciton confinement,
which leads to emission at shorter wavelengths. Hence, the shortest values were measured for
CdSe/ZnS NPLs at ~620 nm for smooth ZnS shells. We also observed an increase in the
photoluminescence lifetime with higher Cd content in the shell (Figure S9 and Table 1).

Interestingly, CdSe/ZnS NPLs with shells synthesized at room temperature by c-ALD emit at
wavelengths shorter than 600 nm, even with thicker shells.?* This implies a structural difference in the
shell or at the interface. The incorporation of material from the core into the shell for our CdSe/ZnS

NPLs (as observed by EDS, Figure 2) can explain the more pronounced red-shift that we observe. For
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example, more Cd in the shell increases the exciton delocalization. Consequently, for our CdSe/ZnS
NPLs that have an irregular shell morphology, emission occurred near 610 nm (Figure S3).

Our CdSe/ZnSe NPLs showed an emission highly sensitive to the reaction temperature. Emission
wavelengths were measured from ~630 to 685 nm with the longest values obtained for reactions
performed at the highest temperature of 300 °C. Notably, such a large emission red-shift of 170 nm
(0.6 eV) was achieved while retaining narrow emission having a FWHM of only 22 nm (59 meV,
Table 1). We explain this emission red-shift with the high reaction temperature that accelerates both
the partial dissolution of the CdSe NPL core followed by its incorporation into the shell and the cation
diffusion near the core/shell interface. This results in a reduction of the potential well in the inner part
of the shell and enhances the delocalization of the exciton wave function.

Optimization of CdSe/CdxZn;xS Core/Shell NPLs. To understand the properties of the
CdxZnixS shells, we examined the synthesis of these materials further. As discussed above, the
spectral position of the emission can be controlled by tuning the ratio between Cd and Zn. Thus, we
prepared core/shell NPLs using different cation precursor ratios and precursor quantities. The molar
fraction of Cd(OA): (relative to the total amount of metal oleate) was varied between 0 and 100%.
Reactions were then performed with a total precursor amount (Cd plus Zn) of 0.05, 0.1, and 0.2 mmol
metal oleates (the molar ratio between metal oleates and 1-octanethiol was fixed at 1:1.2). The results
show that a larger amount of total precursor led to a stronger emission red-shift (Figure 5a). This is
expected for the formation of a thicker shell and, therefore, weaker exciton localization. The emission
wavelength is also clearly dependent on the precursor ratio. Increasing the fraction of Cd(OA)2 up to
around 25-30% shifts the emission steadily towards longer wavelengths. However, in all
concentration series we observed no further red-shift beyond a Cd(OA). fraction of 30%. This
indicates that a relatively large fraction of Zn(OA): is required to achieve changes in the shell
composition and, hence, the emission behavior. In fact, for a Cd:Zn precursor ratio of 1:2 we measured
a concentration ratio Cd:Zn of 3.88:1 in the final core/shell NPLs by Rutherford back scattering (RBS)
(Figure S10a). Subtracting the material in the CdSe core (Cd:Se ratio of 1.30:1, Figure S10b) results
in a Cd:Zn ratio of ~2.8:1 in the shell.

The data show that the precursor ratio and the final shell thickness also affect the emission
linewidth (Figure 5b,c). Adding only Zn(OA)2 broadens the emission with increasing shell thickness.
This differs from observations in QDs, where the growth of ZnS shells on CdSe has only little effect
on the emission linewidth.*> In contrast, the addition of more Cd(OA), either by adding more
precursor or increasing the Cd:Zn molar ratio, results in narrower emission peaks, reaching linewidths
below 60 meV (FWHM). This value corresponds to those measured for CdSe/CdS core/shell NPLs
obtained via the c-ALD approach (shaded area in Figure 5b) in which the shell is expected to grow
with atomic precision.?®?! Thicker shells also minimize variations in the emission linewidth, as

indicated in Figure 5c by the encircled clusters of black and red data points for reactions with
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[Cd(OA)2] >25%. Our linewidth narrowing can be explained by an improved shell uniformity
achieved for thicker shells (as observed in pure CdS shells*’) and reduced strains and defects.*? Strains
due to an increased lattice mismatch explain also the broader emission with linewidths up to 100 meV
for the syntheses of ZnS shells at a higher precursor concentration. (As discussed above, this leads to
the formation of irregular shell morphologies.) No clear trend could be observed for the reaction series
with 0.05 mmol metal oleate. In such thin shells, strain plays a smaller role and we can obtain even
narrower emission linewidths with ZnS than with CdS shells. Instead, the stronger exciton
confinement with thinner shells renders the linewidth more sensitive to synthesis conditions and its
spread becomes generally larger.

Structural and Optical Characterization of CdSe/CdxZnixS Core/Shell NPLs. We expect
that the simultaneous addition of Cd(OA)2 and Zn(OA): at the beginning of the shell synthesis allows
the formation of epitaxial, compositionally graded CdxZnixS shells. To verify this, we performed a
detailed structural analysis of these core/shell NPLs. Figure 6a shows a cross-sectional view of a
CdSe/CdxZnixS NPL along the [100]-direction at atomic resolution acquired by STEM. The image
shows that the shell adopts the lattice of the core, forming an epitaxial interface. The heavier and
brighter core can be distinguished clearly from the shell due to the difference in composition. In
addition, the elemental profile of such core/shell NPLs can be obtained by EDS for top and side views
(Figure 6b). Figure 6¢ shows the elemental concentration profile across a stack of 4 NPLs, observed
from the side. The profile is extracted in the direction of the white arrow in Figure 6b. It reveals a
spatially dependent Zn concentration, increasing with the distance from the CdSe core. Hence, these
data are consistent with the formation of an epitaxial and compositionally graded shell.

Combining this structural information with the resulting optical properties allows one to draw
conclusions for the design of optimized core/shell NPLs. In particular, besides the effect on the
emission linewidth we further evaluated the impact of the shell design on the QY, a key quantity for
many applications. Figure 7a shows the QY as a function of excitation wavelength for
CdSe/CdxZnixS NPLs for which the shell was grown with a precursor ratio [Cd(OA):] : [Zn(OA)z2]
of 1:2. These NPLs exhibited narrow emission while containing a relative high amount of Zn in the
outer part of the shell. A very high QY of 90% that is nearly independent of the excitation wavelength
was achieved without additional surface treatment after the synthesis.

The data suggest that the high QY values observed for these graded shells result from several
factors. First, the presence of a ZnS-rich outer layer improves the passivation and protection from the
environment compared to a pure CdS shell. This can explain why we measured lower QY values (60—
70%) for our CdSe/CdS NPLs. Similarly, incomplete surface passivation may also be limiting the QY
of our CdSe/ZnSe NPLs, for which we measured values near 50% (Table 1). We expect that an
increase of the QY for CdSe/ZnSe NPLs may be possible with an improved surface passivation,

possibly by adding ZnS or a better ligand coverage. The second factor that can lead to high QY in our
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optimized CdxZni xS shells is their high Cd content in the part of the shell close to the core/shell
interface. Compared with a pure, unalloyed ZnS shell, this reduces the lattice mismatch and minimizes
defect formation, allowing a narrow emission peak with high QY to be obtained. (We assume that the
reported high QY values in CdSe/ZnS NPLs*' also result from partial alloying at the interface.) The
third factor is the high reaction temperature and slow shell growth, which can reduce lattice strain and

43-44 A similar behavior was observed in CdSe/CdS nanorods, where a

defects by atomic diffusion.
slow over-coating of the initially slightly defective shell at high temperatures allowed for an increase
of the QY to near unity.®

To confirm the emission stability of our CdSe/CdxZni xS NPLs we recorded the
photoluminescence of NPLs excited at different wavelengths (400 to 640 nm, Figure S1la) and
fluences (10 to 1000 pJ/cm?, Figure S11b). The core/shell NPLs show a stable emission peak that is
nearly independent of the excitation wavelength and power, even for the highest fluences.

To this point, all of our initial CdSe NPL cores have been 4-monolayers (4-ML) thick. Because
the direct synthesis of thicker 6-monolayer-thick (6-ML) CdSe NPLs has also recently been
reported,***” we tested the versatility of our shell protocol and applied it to these NPLs (Figure S12).
The resulting CdSe/CdxZnixS core/shell NPLs showed a narrow emission peak with a FWHM of
57 meV (22 nm) and a strong red-shift to 692 nm. The corresponding absorption and emission spectra,
HAADF STEM images, and EDS data are shown in Figure 8. These core/shell NPLs exhibit very high
QYs between 90 and 95% and exceptional emission stability (Figure 7b and Figure S11c,d). Hence,
such compositionally graded CdSe/CdxZni-xS core/shell NPLs reveal the benefit of strain reduction
and surface passivation for improved optical performance.

Nanoplatelet Ring Lasers. The properties discussed above illustrate the potential of the
core/shell NPLs for applications that rely on narrow emission with high QY. However, the suitability
for more complex optical devices remains to be examined. Therefore, as a demonstration, we evaluated
the performance of our different core/shell NPL structures for lasing applications.

In semiconductor nanocrystals, non-radiative Auger recombination can be a critical loss
mechanism competing with population inversion and lasing.*® However, it has been shown that Auger
recombination can be significantly slowed by utilizing core/shell nanocrystals with compositionally
graded core/shell interfaces.** In addition, the relaxation from 3D to 1D exciton confinement in
NPLs may further reduce the Auger recombination rate by enforcing a stricter momentum
conservation. In this context, NPLs have shown great potential as an active gain material for lasers.
Low-threshold lasing under pulsed and continuous wave photoexcitation have recently been reported
for bare CdSe NPLs and NPLs coated with a shell by ¢c-ALD.’'* Core/shell NPLs with a
compositionally graded shell may provide further improvements in performance, stability, and

variability compared to bare NPLs.
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For our evaluation, we chose ring resonators as a platform because of their simple architecture.>®
Namely, we used patterned films of core/shell NPLs that contained circular waveguides (Figure 9a,b).
In this design, the NPLs create both the ring resonator and provide the gain material. We fabricated
such structures by template-stripping films of core/shell NPLs from pre-patterned silicon templates.>®
As we showed previously for QDs,>® this method allows for rapid production of structures with high
quality and variable geometry. To achieve population inversion and lasing, the rings were then
illuminated by ultrafast laser pulses at a wavelength of 405 nm. Figure 9¢ shows the resulting power-
dependent emission spectra of a 4-monolayer-CdSe/CdxZni-xS NPL ring laser. The transition from
spontaneous emission to multimode lasing can be observed as an abrupt increase of the emission peak
intensity and the appearance of a series of sharp lasing peaks (cavity modes) above a threshold of
13 pJ/cm? (Figure 9d,e). This threshold is lower than values measured for core/shell QDs using the
same ring structures.”> Our different core/shell NPL ring lasers all showed lasing modes at
wavelengths between ~630 (CdSe/ZnS NPLs) and ~720 nm (6-monolayer-CdSe/CdxZni-xS NPLs),
and low threshold fluences below 50 pJ/cm? (Figure S13). Our analysis supports the potential of such
core/shell NPLs for lasing applications. Despite the simple structure, we achieved low thresholds and
stable lasing performance up to very high excitation powers. We were able to sustain lasing for
excitation powers ranging over ~2 orders of magnitude. Future work on the influence of the shell
structure on the Auger recombination rate may help optimize these core/shell NPLs further for lasing

applications.

CONCLUSIONS

We have developed a high-temperature, slow-injection shell-growth protocol that can produce
core/shell nanoplatelets with various shell designs. The structural and optical characterization of the
resulting materials revealed the crucial role of a compositional gradient in nanoplatelet shells. Such a
design helps avoid the formation of strain-induced defects in these anisotropic nanocrystals and
enables high emission efficiencies and stability while retaining narrow emission linewidths. As a
consequence, we achieved spectrally narrow and tunable emission, and reached QYs above 90%,
overcoming previous limitations in NPL-based core/shell structures. In addition, such control over the
shell composition helped us achieve low lasing thresholds in simple architectures with stable output
over large power ranges. These core/shell NPLs can potentially impact applications relying on narrow,
bright, efficient, and stable emission. Indeed, during the review process of this work very low optical
gain thresholds and efficient LEDs have been shown for core/shell NPLs based on our high-
temperature synthesis protocol.”’>® Furthermore, owing to their unique geometry, such core/shell
structures may be ideal for fundamental studies of diffusion processes, strain effects, and band-

structure engineering in nanocrystals.

EXPERIMENTAL SECTION
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Materials and Reagents. 1-octadecene (ODE, 90%, #0806), 1-octanethiol (>98.5%, #471836),
2-propanol (=99.9%, #34965), acetonitrile (=99.9%, #34998), cadmium acetate hydrate [Cd(acetate)2
hydrate, >99.99%, #229490], cadmium acetate dihydrate [Cd(acetate). dihydrate, 98%, #289159],
methyl acetate (>98%, #W267600), cadmium chloride (technical grade, #655198), chloroform
(99.8%, #132950), n-hexane (>97.0%, #34859), methylcyclohexane (MCH, 99%, #M37889), myristic
acid (=98%, #70082), octane (98%, #412236), oleic acid (OA, 90%, #364525), selenium (=99.5%,
#209651), trifluoroacetic acid (>99.0%, #302031), trifluoroacetic anhydride (>99%, #106232), zinc
acetate (99.99%, #383317), and zinc oxide (>99.0%, #96479) were purchased from Sigma-Aldrich.
Octadecyltrichlorosilane (ODTS, 96%) was purchased from Merck KGaA. Cadmium oxide (99.999%,
#48-0800) was obtained from Strem Chemicals. Oleylamine (OAm, 80-90%, #129541000) and
triethylamine (99%, #157910010) were acquired from Acros Organics. Methanol was purchased from
Thommen-Furler AG and absolute ethanol from Alcosuisse AG. Four-inch diameter, single-side-
polished, single-crystalline Si(100) wafers with <0.4 nm root-mean-square (RMS) roughness and
thicknesses of either 500 or 1000 um were purchased from Silicon Valley Microelectronics or Silicon
Quest and diced into 2 x 2 cm? square pieces. All chemicals were used without further purification,
except where noted.

Preparation of Cadmium Myristate [Cd(myristate);], Cadmium Oleate [Cd(oleate):], and
Zinc Oleate [Zn(oleate);]. Cadmium carboxylates and zinc oleate were synthesized following a
modified protocol by Hendricks et al.>° Briefly, 5.75 g CdO (3.65 g ZnO) and 20 mL acetonitrile were
mixed in a 100-mL round-bottom flask. The mixture was then stirred and cooled in an ice bath.
Subsequently, 6.2 mL of trifluoroacetic anhydride, and 0.7 mL trifluoroacetic acid were added. After
10 min, the ice bath was removed and the flask heated at 50 °C until the solution turned clear. In a
500-mL Erlenmeyer flask, 180 mL 2-propanol, 14.0 mL of triethylamine, and 20.6 g myristic acid (or
28.6 mL oleic acid) were mixed and stirred. The warm cadmium trifluoroacetate (or zinc
trifluoroacetate) solution was then slowly added to the myristic acid (or oleic acid) solution while
stirring. The resulting white precipitate was vacuum-filtered using a fritted glass funnel and rinsed
thoroughly with methanol. The final product was dried in a vacuum oven over night and stored under
ambient conditions.

Preparation of Zinc Oleate Stock Solution. 367 mg Zn(acetate)2, 7 mL ODE, and 1.2 mL OA
were mixed in a glass jar in a N2-filled glovebox. The mixture was then stirred at 220 °C for 2 h.
Afterwards, it was allowed to cool to room temperature (RT). While cooling, 1.3 mL OAm was added
at around 100 °C to prevent solidification. The final product was stored in a N2-filled glovebox.

Preparation of Se-ODE Stock Solution. 79 mg Se powder (1 mmol) (stored in a N»-filled
glovebox) and 10 mL ODE was added to a 50-mL round-bottom flask and degassed at RT under
vacuum for 30 min. The mixture was then heated to 240 °C under N2 and kept for 30 min. Afterwards,

it was allowed to cool to RT and transferred to a N2-filled glovebox.
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Synthesis of 4-Monolayer-Thick CdSe NPLs. For the CdSe NPL synthesis, 680 mg
Cd(myristate)2, 48 mg Se powder (stored in a N»-filled glovebox), and 60 mL ODE were added to a
250-mL round-bottom flask and degassed at RT under vacuum for 30 min. Then, the mixture was
heated to 240 °C under N2. At 200 °C, 256 mg Cd(acetate)> dihydrate was added. The mixture was
kept at 240 °C for 8-9 min. Afterwards, the reaction flask was cooled using an air gun to 160 °C.
During this cooling step, 3 mL OA was added when the temperature reached 185 °C. Once at 130 °C,
the flask was placed in a water bath and cooled to RT. Then, 10 mL hexane was added and the mixture
was centrifuged at 8000 rpm (8586 g) for 10 min. The precipitate was re-dispersed in 20 mL hexane
and kept undisturbed for 1 h. Afterwards, it was centrifuged at 7000 rpm (6574 g) for 7 min. Unwanted
3-monolayer-thick NPLs were removed as the precipitate. The 4-monolayer-thick NPLs in the
supernatant were then precipitated from the hexane dispersion by adding methyl acetate and
centrifuging at 6500 rpm (5668 g) for 3 min. The precipitate was re-dispersed in 6 mL hexane and
stored in the dark under ambient conditions until needed. Optical and X-ray diffraction data are shown
in Figure S8. We note that by convention an m-monolayer-thick CdSe NPL contains m atomic layers
of Se and m+1 layers of Cd.

Synthesis of 6-Monolayer-Thick CdSe NPLs. The synthesis of 6-monolayer CdSe NPLs was
adapted from Cho et al.*’ Briefly, 170 mg Cd(myristate)2 and 14 mL ODE were mixed in a 100-mL
round-bottom flask and degassed at 85 °C under vacuum for 30 min. Then, the mixture was heated up
to 250 °C under N2. At 250 °C, 12 mg Se powder (stored in a Na-filled glovebox) dispersed in 1 mL
ODE was quickly injected (the dispersion was sonicated for 20 min). 20 s later, 60 mg Cd(acetate)>
hydrate was added. After 1 min, 0.15 mL aqueous CdClz solution (0.5 M) was added dropwise over a
period of 90 seconds. The mixture was then kept for an additional 6 min at 250 °C. Afterwards, the
reaction flask was cooled to RT using an air gun. During this cooling step, 2 mL OA mixed with
15 mL MCH was added slowly when the temperature reached 180 °C. For the purification, the mixture
was first centrifuged for 10 min at 8500 rpm (9693 g). The precipitate was re-dispersed in 1.5 mL
MCH and centrifuged at 6500 rpm (5668 g) for 2 min. Salts and aggregated NPLs were removed as
the precipitate. 3 mL hexane and 6 mL methyl acetate were then added to the 6-monolayer-thick NPLs
in the supernatant and the mixture was centrifuged at 8000 rpm (8586 g) for 7 min. The precipitate
was re-dispersed in 1 mL hexane and stored in the dark under ambient conditions until needed. A
stable reaction temperature is necessary for a high yield of 6-monolayer-thick NPLs. Otherwise,
unwanted 5-monolayer-thick NPLs that form during the synthesis can be removed selectively as
precipitate by centrifuging the final dispersion at 8000 rpm (8586 g) for 30 min. Optical and STEM
data are shown in Figure S12.

Synthesis of CdSe/CdxZn; xS Core/Shell NPLs. In a typical synthesis, 4-monolayer CdSe NPLs
[an amount equivalent to 1 mL of NPL dispersion with an optical density (OD) of 120 at the lowest

energy excitonic peak, assuming a 1-cm optical path length], 10 mL ODE, 400 uL. OA, 90 mg
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Cd(oleate)2 and 167.5 mg Zn(oleate): (total of 0.4 mmol metal oleate, molar ratio of 1:2) were added
to a 100-mL round-bottom flask. The mixture was degassed under vacuum for 35 min at RT and
15 min at 80 °C. Afterwards, 2 mL OAm (stored in a N:-filled glovebox) was added and the
temperature was raised to 300 °C under N at a rate of ~15 °C/min. Starting at 165 °C, a solution of
83 uL I-octanethiol (0.48 mmol) dissolved in 7 mL ODE and 2 mL OA was injected at a rate of
4.5 mL/h. After complete injection, the solution was kept at 300 °C for 40 min. Subsequently, the
product was cooled down, and, at 40 °C, ~5 mL hexane was added.

The core/shell NPLs were purified by selective precipitation. In a first step, the mixture was
centrifuged at 6500 rpm (5668 g) for 6 min. The core/shell NPLs in the precipitate were re-dispersed
in 5 mL hexane. [If a significant amount of core/shell NPLs remained in the supernatant after this
centrifugation step, they can be precipitated by adding methyl acetate and centrifuging at 6500 rpm
(5668 g).] Then, ~5 mL methyl acetate was added to the dispersion of core/shell NPLs in hexane until
the mixture turned turbid and it was centrifuged at 6500 rpm (5668 g) for 10 min. This process (i.e.
dispersion of the NPLs in hexane followed by precipitation with methyl acetate) was repeated. The
core/shell NPLs were then re-dispersed in 3 mL hexane and centrifuged at 6500 rpm (5668 g) for
7 min to separate the stable core/shell NPLs in the supernatant from aggregated core/shell NPLs. The
core/shell NPLs in the supernatant were then filtered using a 0.2 um pore-size polytetrafluoroethylene
(PTFE) membrane filter and stored in the dark under ambient conditions.

The above synthesis can be performed using different ratios of Cd(oleate)2 to Zn(oleate)2 keeping
the added amount of metal oleate constant. In general, a higher Zn:Cd ratio leads to a slight
improvement of the colloidal stability of the final core/shell NPLs. For pure Cd(oleate)z, CdS is formed

t.25 This side product can be efficiently removed by increasing the amount of hexane

as a side produc
added upon cooling of the reaction product and the subsequent purification steps.

The quality of the resulting core/shell nanoplatelets is improved if the temperature ramp from
80 °C to the reaction temperature of 300 °C is slowed down at around 270 °C, and reaches 300 °C
after ~30 min.

Synthesis of CdSe/CdS/ZnS Core/Shell/Shell NPLs. In a typical synthesis, 4-monolayer CdSe
NPLs [an amount equivalent to 1 mL of NPL dispersion with an optical density (OD) of 120 at the
lowest energy excitonic peak, assuming a 1-cm optical path length], 10 mL ODE, 400 uL OA, and
270 mg Cd(oleate)2 (0.4 mmol) were added to a 100-mL round-bottom flask. The mixture was
degassed under vacuum for 35 min at RT and 15 min at 80 °C. Afterwards, 2 mL OAm (stored in a
No-filled glovebox) was added and the temperature was raised to 300 °C under N2 at a rate of
~15 °C/min. Starting at 165 °C, a solution of 83 pL 1-octanethiol (0.48 mmol) dissolved in 9 mL ODE
was injected at a rate of 4.5 mL/h. After complete injection, the solution was cooled to 200 °C, 2 mL

OA (stored in a N»-filled glovebox) was added, and the mixture was kept at 200 °C for 40 min. Then,

the mixture was cooled to 120 °C and degassed under vacuum for 30 min. Afterwards, the temperature
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was raised to 280 °C under N2 at a rate of ~15 °C/min. Starting at 200 °C, a solution of 34.7 uL 1-
octanethiol (0.2 mmol) dissolved in 3 mL ODE and a solution of 0.5 mL Zn(OA)2 (0.2 M) dissolved
in 3 mL ODE were simultaneously injected at a rate of 3 mL/h. After complete injection, 1 mL OA
(stored in a N2-filled glovebox) was injected and the product was cooled down, and, at 40 °C, ~5 mL
hexane was added. The core/shell NPLs were purified by selective precipitation as described for 4-
monolayer-CdSe/CdxZni1xS. The purified core/shell NPLs were stored in the dark under ambient
conditions.

Synthesis of CdSe/ZnS Core/Shell NPLs with a Smooth Shell. In a typical synthesis, 4-
monolayer CdSe NPLs [an amount equivalent to 1 mL of NPL dispersion with an optical density (OD)
of 60 at the lowest energy excitonic peak, assuming a 1-cm optical path length], 5 mL ODE, 200 uL
OA, and 31.4 mg Zn(oleate) (0.05 mmol) were added to a 50-mL round-bottom flask. The mixture
was degassed under vacuum for 35 min at RT and 15 min at 80 °C. Afterwards, 1 mL OAm (stored in
a No-filled glovebox) was added and the temperature was raised to 300 °C under N2 at a rate of
~15 °C/min. Starting at 165 °C, a solution of 42 pL 1-octanethiol (0.24 mmol) dissolved in 4 mL ODE
and 2 mL OA, and a solution of 0.75 mL Zn(OA): (0.2 M) dissolved in 6 mL ODE were injected
simultaneously at a rate of 3 mL/h. After complete injection, the solution was kept at 300 °C for
30 min. Subsequently, the product was cooled down, and, at 40 °C, ~2 mL hexane was added. The
core/shell NPLs were purified by selective precipitation. In a first step, 5 mL methyl acetate was added
and the mixture was centrifuged at 6500 rpm (5668 g) for 10 min. The core/shell NPLs in the
precipitate were re-dispersed in 4 mL hexane. [If a significant amount of core/shell NPLs remained in
the supernatant after this centrifugation step, they can be precipitated by adding methyl acetate and
centrifuging at 6500 rpm (5668 g).] Then, the dispersion was centrifuged at 6500 rpm (5668 g) for
10 min to remove side products and unreacted precursors. The core/shell NPLs in the supernatant were
then precipitated from the hexane dispersion by adding ~5 mL methyl acetate and centrifuging at
6500 rpm (5668 g) for 10 min. This precipitation process was repeated. The core/shell NPLs were then
re-dispersed in 3 mL hexane and centrifuged at 6500 rpm (5668 g) for 7 min to separate the stable
core/shell NPLs in the supernatant from aggregated core/shell NPLs. The core/shell NPLs in the
supernatant were then filtered using a 0.2 um pore-size PTFE filter and stored in the dark under
ambient conditions.

Synthesis of CdSe/ZnSe Core/Shell NPLs. In a typical synthesis, 4-monolayer CdSe NPLs [an
amount equivalent to 1 mL of NPL dispersion with an optical density (OD) of 60 at the lowest energy
excitonic peak, assuming a I-cm optical path length], 5mL ODE, 200 uL OA, and 62.8 mg
Zn(oleate)2 (0.1 mmol) were added to a 50-mL round-bottom flask. The mixture was degassed under
vacuum for 35 min at RT and 15 min at 80 °C. Afterwards, 1 mL OAm (stored in a N»-filled glovebox)
was added and the temperature was raised to 300 °C under N2 at a rate of ~15 °C/min. Starting at

165 °C, a solution of 1 mL Se-ODE stock solution dissolved in 3 mL ODE and 2 mL OA was injected
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at arate of 3 mL/h. After complete injection, the solution was kept at 300 °C for 30 min. Subsequently,
the product was cooled down, and, at 50 °C, ~2 mL hexane was added. The core/shell NPLs were
purified by selective precipitation. In a first step, methyl acetate was added until the mixture turned
turbid, and it was centrifuged at 6500 rpm (5668 g) for 10 min. The core/shell NPLs in the precipitate
were re-dispersed in 4 mL hexane and precipitated by adding ~5 mL methyl acetate and centrifuging
at 6500 rpm (5668 g) for 10 min. This precipitation process was repeated. The core/shell NPLs were
then re-dispersed in 3 mL hexane and centrifuged at 6500 rpm (5668 g) for 7 min to separate the stable
core/shell NPLs in the supernatant from aggregated core/shell NPLs. The core/shell NPLs in the
supernatant were then filtered using a 0.2 um pore-size PTFE filter and stored in the dark under
ambient conditions.

Synthesis of CdSe/CdxZn;«xS Core/Shell NPLs with 6-Monolayer-Thick CdSe NPL Cores.
In a typical synthesis, 6-monolayer CdSe NPLs [an amount equivalent to 1 mL of NPL dispersion with
an optical density (OD) of 20 at the lowest energy excitonic peak, assuming a 1-cm optical path
length], 5 mL ODE, 200 uL OA, 45 mg Cd(oleate)2, and 83.8 mg Zn(oleate): (total of 0.2 mmol metal
oleate, molar ratio of 1:2) were added to a 50-mL round-bottom flask. The mixture was degassed under
vacuum for 35 min at RT and 15 min at 80 °C. Afterwards, | mL OAm (stored in a N2-filled glovebox)
was added and the temperature was raised to 300 °C under N2 at a rate of ~15 °C/min. Starting at
165 °C, a solution of 42 puL 1-octanethiol (0.24 mmol) dissolved in 3.5 mL ODE and 1 mL OA was
injected at a rate of 2.25 mL/h. After complete injection, the solution was kept at 300 °C for 40 min.
Subsequently, the product was cooled down, and, at 40 °C, ~2.5 mL hexane was added. The core/shell
NPLs were purified by selective precipitation. In a first step, the mixture was centrifuged at 6500 rpm
(5668 g) for 6 min. The core/shell NPLs in the precipitate were re-dispersed in 3 mL hexane. [If a
significant amount of core/shell NPLs remained in the supernatant after this centrifugation step, they
can be precipitated by adding methyl acetate and centrifuging at 6500 rpm (5668 g).] Then, ~3 mL
methyl acetate was added to the dispersion of core/shell NPLs in hexane until the mixture turned
turbid, and it was centrifuged at 6500 rpm (5668 g) for 10 min. This process was repeated. The
core/shell NPLs were then re-dispersed in 2 mL hexane and centrifuged at 6500 rpm (5668 g) for
7 min to separate the stable core/shell NPLs in the supernatant from aggregated core/shell NPLs. The
core/shell NPLs in the supernatant were then filtered using a 0.2 um pore-size PTFE filter and stored
in the dark under ambient conditions.

Fabrication of Core/Shell NPL Ring Resonators. NPL ring resonators were fabricated using
the template-stripping technique from Prins et al.’® to obtain ring structures as described by le Feber
et al.> In a first step, silicon (100) templates were patterned using electron-beam lithography (Vistec,
EBGP 520) and subsequent inductive plasma deep reactive-ion etching (Oxford, Plasmalab System
100). To facilitate stripping of the NPL films, the silicon templates were functionalized with a self-

assembled monolayer of octadecyltrichlorosilane. Uniform films of NPLs were then deposited by
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drop-casting 35 pL of NPL dispersions in a hexane:octane mixture of 9:1. Template stripping was then
performed by attaching a glass slide to the deposited NPL film with an epoxy glue (Norland Products,
NOA 61) and curing it under a 365-nm ultraviolet lamp. The NPL-film/epoxy/glass stack was then
removed from the silicon template by stripping it off with a razor blade. Subsequently, the Si template
was cleaned by ultra-sonication in chloroform for 5 min for re-use.

Absorbance. Optical absorption spectra for ultraviolet to visible wavelengths (UV-Vis) were
collected using a Varian Cary 50 spectrometer. The measurements were performed by diluting the
samples in hexane and using 1-cm path-length quartz cuvettes.

Photoluminescence (PL) and Photoluminescence Decays. PL spectra were recorded at RT
using an Edinburgh Instruments FLS 980 fluorometer. For the standard PL spectra presented in this
work, the excitation wavelength was set to 400 nm. The excitation-emission maps shown in Figure
S11 were recorded using excitation wavelengths spaced by 5 nm. For photoluminescence decays, the
photoluminescence-lifetime capability of the same fluorometer was used. A pulsed laser diode at
373 nm with a repetition rate of 100 kHz and a pulse duration of ~65 ps was used as the excitation
source. The detected wavelength was set to the peak emission wavelength for the various core- and
core/shell NPLs. The detector was the same cooled Hamamatsu R928P photomultiplier tube used to
collect the PL results.

Photoluminescence Quantum Yield (QY). QY values were measured at RT using a Hamamatsu
C11347 Quantaurus-QY spectrometer equipped with an integrating sphere. QY values were obtained
for different excitation wavelengths from 370 nm to the emission onset in 10-nm steps or by
performing single measurements exciting the samples at 400 nm. Unless stated, single QY values
reported in the main text and the Supporting Information are obtained by exciting at 400 nm. The
measurements were performed after NPL purification by diluting the samples in hexane and using
quartz cuvettes with a 1-cm path length. The cuvettes were cleaned in a 1%-solution of Hellmanex™
IIT after QY measurements to ensure accurate results. The measurement uncertainty is <5% (for
Rhodamine 6G in ethanol we measured a QY of 91%).

Transmission Electron Microscopy (TEM), Scanning Transmission Electron Microscopy
(STEM), and Energy Dispersive X-ray Spectroscopy (EDS). TEM, STEM, and EDS were
performed using an FEI Talos F200X electron microscope operated at 200 kV. The samples were
prepared by drop-casting nanocrystals dispersed in hexane on carbon-coated copper grids. The EDS
image resolution is ~1 nm.

Atomic-resolution images were acquired with a JEOL JEM-ARM300F Grand ARM microscope
operated at 300 kV. The sample was prepared by drop-casting nanocrystals dispersed in hexane on

silicon dioxide support films.
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Powder X-ray Diffraction (XRD). XRD measurements were performed using a Bruker D2
Phaser instrument (30 kV, 10 mA, Acuke = 1.54184 A). The samples were drop-casted from highly
concentrated hexane dispersions onto zero-background Si holders.

Nanoplatelet Ring Lasers. Laser experiments were performed using a 405-nm pulsed excitation
(~340 fs pulse duration, 10 kHz repetition rate), generated by a collinear optical parametric amplifier
(Spectra-Physics, Spirit OPA) pumped by a 1040-nm laser (Spectra-Physics, Spirit 1040-8). To detect
the emission signal, an inverted microscope (Nikon, Eclipse Ti-U) with a 50x air objective (Nikon,
0.8 numerical aperture) was used. The beam was directed to the sample through a dichroic beamsplitter
(488-nm long pass, AHV, Analysentechnik). The emission was collected by the same objective and
directed through a 503-nm long-pass emission filter (AHF, Analysentechnik) into a spectrometer
(Andor, Shamrock 303i). Spectra were obtained by dispersing the emission with a 300 lines/mm
grating (500 nm blaze), and detecting the output with a complementary metal oxide semiconductor
(CMOS) camera (Andor, Zyla 4.2 Plus). The measurements were performed under ambient conditions

and analyzed as reported by le Feber et al.>
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TABLES

Material Emission Peak FWHM FWHM QY Tavg
[nm] [meV] [nm] [Yo] [ns]
4-monolayer-CdSe/CdxZn;—S 655 56 19.5 88 25
6-monolayer-CdSe/CdyZn;—«S 692 57 22.1 92 22
CdSe/CdS/ZnS 662 67 23.6 78 37
CdSe/ZnS (uniform) 620 76 23.7 52 10
CdSe/ZnS (rough) 612 101 30.7 67 21
CdSe/ZnSe 684 59 22.1 47 13

Tavg: average lifetime
Table 1. Summary of the room-temperature optical properties for the core/shell NPLs presented in
Figures 1-9 in the main text. The columns describe the peak wavelength of the emission, its full-
width-at-half-maximum (FWHM) in meV and nm, respectively, photoluminescence quantum yield

(QY), and average photoluminescence decay time, Taye.
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FIGURES

Figure 1. High-angle annular dark-field scanning transmission electron microscopy (HAADF STEM)
images of (a) CdSe/ZnS, (b) CdSe/CdS/ZnS, (c) CdSe/CdxZni1-xS, and (d) CdSe/ZnSe NPLs. All of
the NPL cores are 4-monolayers thick. The insets show the corresponding NPLs at higher

magnification. Black scale bars are 50 and 10 nm for the large and inset images, respectively.
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Figure 2. Structural analysis of CdSe/ZnS core/shell NPLs with a uniform shell. The NPL cores are
4-monolayers thick. (a) HAADF STEM image. (b) Cd, Se, and Zn concentration profile across a single
CdSe/ZnS NPL from energy dispersive X-ray spectroscopy (EDS). The profile is measured on the
NPL marked with a red arrow in (a). Dark and light gray-shaded regions indicate the width of the core
and shell, respectively. The resolution of the technique is ~1 nm. (c)-(f) EDS images for Cd, Zn, Se,

and S. The scanned region is shown as a red box in (a). Scale bars are 10 nm in (a) and 5 nm in (¢)-(f).
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Figure 3. Powder X-ray diffraction (XRD) patterns for the core/shell NPLs shown in Figure 1. All of
the NPL cores are 4-monolayers thick. Reference patterns (labelled by their powder diffraction file,
PDF) are shown for zinc blende crystals of CdSe, CdS, ZnSe, and ZnS. The XRD pattern for the CdSe

NPL cores is shown in Figure S8.
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Figure 4. Room-temperature optical absorption and emission spectra for the core/shell NPLs shown
in Figure 1. All of the NPL cores are 4-monolayers thick. The emission linewidths range from 56 meV
for CdSe/CdxZnixS to 76 meV for CdSe/ZnS core/shell NPLs (see Table 1 for all parameters). Optical
spectra for the CdSe NPL cores are shown in Figure S8.
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Figure 5. Influence of the precursor ratio and total precursor concentration on the emission properties
of CdSe/CdxZni-xS NPLs. All of the NPL cores are 4-monolayers thick. Blue, black, and red dots
correspond to reaction series with 0.05, 0.1, and 0.2 mmols of total metal oleate [Cd(OA)2 + Zn(OA)2],
respectively. (a) Evolution of the emission wavelength as a function of the Cd(OA)2 molar fraction
(relative to the total amount of metal oleate) during the shell growth. (b) Influence of the concentration
of Cd(OA):2 on the emission linewidth. The shaded area indicates the linewidth range reported for
CdSe/CdS core/shell NPLs synthesized by colloidal atomic layer deposition (c-ALD).2%2! (¢) Relation
between the emission wavelength and the corresponding linewidth. The dashed lines indicate the mean
photoluminescence wavelengths and linewidths for the reactions using a Cd(OA)2 molar fraction

>25% [data points inside the circles in (c)].
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Figure 6. Structural analysis of the CdSe/CdxZni«S core/shell NPLs shown in Figure 1c. The NPL
cores are 4-monolayers thick. (a) High-resolution HAADF STEM cross-sectional image of a single
core/shell NPL. The brighter core can be distinguished from the darker shell due to the higher atomic
number of the core elements. (b) Superposition of energy-dispersive X-ray spectrographs (EDS) of Cd
and Zn for NPLs seen in top- and side-view. (c) The corresponding concentration profile across four
vertically stacked NPLs, observed from the side. The collection area is marked with the white arrow
in (b). Note that a single core/shell NPL in top-view is detected on the left of the stacked NPLs at

positions between 0 and ~7 nm in (c). Black scale bars are 2 nm in (a) and 20 nm in (b).
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Figure 7. Room-temperature photoluminescence quantum yields (QYs) of CdSe/CdxZni xS core/shell
NPLs having CdSe cores with a thickness of (a) 4 monolayers and (b) 6 monolayers, measured at

different excitation wavelengths. The corresponding emission spectra are shown in red.
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Figure 8. CdSe/CdxZni-xS core/shell NPLs using cores with a thickness of 6 monolayers (6 ML) and
a precursor ratio [Cd(OA)2] : [Zn(OA)2] of 1:2. (a) Room-temperature absorption and emission spectra
of the core/shell NPLs. (b) HAADF STEM image and (c-f) the corresponding energy dispersive X-
ray spectroscopy (EDS) images of Cd, Zn, Se, and S. The resolution of the technique is ~1 nm. Due
to the thicker geometry, these core CdSe NPLs show an improved thermal stability and the original
rectangular shape is largely preserved in the final core/shell NPL structures. Black scale bars are

20 nm. Optical and STEM data for the 6-monolayer CdSe NPL cores are shown in Figure S12.
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Figure 9. 4-monolayer-CdSe/CdxZnixS core/shell NPL ring resonators and their optical

characterization for lasing. (a) Scanning electron micrograph (SEM) of a template-stripped NPL ring

resonator. The inset shows a cross-sectional schematic of the ring structure. Rings were fabricated

with variable diameters (D) and widths (w) and a height of ~500 nm. (b) Fluorescence image of ring

resonators of varying diameters illuminated with ultraviolet light. (c) Power-dependent emission

spectra collected from a ring with D =20 um and w = 1 um. Narrow lasing lines evolve at fluences

above a threshold of 13 pJ/cm?. (d) Corresponding emission intensity integrated over all collected

wavelengths and averaged over the area of the ring resonator versus the excitation fluence. (e)

Emission spectrum under lasing conditions extracted at a power of 25 pJ/cm? [indicated with a red

horizontal line in (c)].
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