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ABSTRACT: The variation in the shape of colloidal semi-
conductor nanocrystals (NCs) remains intriguing. This interest
goes beyond crystallography as the shape of the NC determines its
energy levels and optoelectronic properties. While thermodynamic
arguments point to a few or just a single shape(s), terminated by
the most stable crystal facets, a remarkable variation in NC shape
has been reported for many different compounds. For instance, for
the well-studied case of CdSe, close-to-spherical quantum dots, \> - e

rods, two-dimensional nanoplatelets, and quantum rings have been o - >
reported. Here, we report how two-dimensional CdSe nano-

platelets reshape into quantum rings. We monitor the reshaping in CdSe nanoplatelet Quantum ring
real time by combining atomically resolved structural character-

ization with optical absorption and photoluminescence spectros-

copy. We observe that CdSe units leave the vertical sides of the edges and recrystallize on the top and bottom edges of the
nanoplatelets, resulting in a thickening of the rims. The formation of a central hole, rendering the shape into a ring, only occurs at a
more elevated temperature.

B INTRODUCTION played a genuine quantum manifestation of the Aharonov—

The development of semiconductor nanocrystals (NCs) that Bohm effect, which is observable as an oscillating intensity of

show quantum confinement in one, two, or three dimensions, the excitonic emission with increasing magnetic field. The

realizing bright emission and size- and shape-tailorable optical oscillating intensity is caused by the difference in phase of the
properties, has taken an enormous flight in the last three electron and hole wave functions in the ring, which varies
decades. For instance, a diversity of wet-chemical colloidal periodically with the magnetic field. A zero phase difference
synthesis methods resulted in CdSe NCs with a wide variety in corresponds to a maximum emission intensity.

shape and size, ranging from sphere-like but facetted zero- Here, we report on a detailed investigation of the conversion
dimensional (0D) quantum dots' to one-dimensional (1D) of CdSe NPLs into quantum rings,'’ urged by the increasing
quantum rods’ and two-dimensional (2D) nanoplatelets interest in colloidal semiconductor quantum materials for
(NPLS)3 ‘We remark here that these shapes all belong to the optoelectronics and possibly for (quantum) information
genus = 0 class. Reports in the literature on the synthesis of processing."” Our results show that the temperature during
colloidal quantum rings, ie, with a genus of 1 topology, the thermal treatment of the NPLs with elemental selenium

recently emerged.*™""

Ring-type CdSe NCs have been reported by Fedin et al,,"
followed by more recent publications by others.”” It was
reported that the CdSe quantum rings have an in-plane linear
distribution of transition dipole moments due to broken
rotational symmetries® and exhibit exciton dynamics distinct
from those in NPLs.” Moreover, the different topology in
quantum rings can result in geometry-specific optoelectronic Received:  May 11, 2021
properties. Theoretical studies point to an excitonic Revised:  August 11, 2021
Aharonov—Bohm effect, featuring a crossing of the exciton Published: August 24, 2021
energy levels with increasing magnetic flux through the ring.

Previous experimental work on solid-state quantum rings
(type-I InAs/GaAs'' and type-Il (ZnMn)Te/ZnSe"”) dis-

has a strong effect on the shape of the final quantum rings and
that “intermediate shapes” (still of genus = 0 topological class)
can be prepared with a remaining membrane of the same
thickness as that of an original NPL. These findings challenge
the formation mechanism put forward by Fedin et al.,, which
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Figure 1. Monitoring the transformation of CdSe NPLs into quantum rings at 140 °C on aliquots in real time with optical spectroscopy and
HAADF-STEM. (a) Absorption and (b) photoluminescence spectra of the dispersion of NPLs, aliquots taken after the mixture reached 140 °C (0
min), and after 1, 2, 4, 6, 8, and 10 min of reaction at 140 °C. For clarity, the evolving spectral features have been marked with colored circles (see
the text and Figure S4). The continuous thick lines present the results for the sample that has been annealed at 220 °C following 10 min of
reaction. (c) HAADF-STEM images of the original CdSe NPLs, NCs in the aliquots extracted at given times from the reaction at 140 °C, and the
final quantum rings obtained after annealing at 220 °C following 10 min of reaction. All scale bars are 10 nm.

states that the top and bottom surfaces of the NPLs are etched
by elemental selenium.

We investigated the formation of quantum rings in real time
by extracting aliquots from the reaction mixture during the
conversion at either 140 or 155 °C. We relate the structure of
the intermediate NCs and finally formed quantum rings,
obtained from high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM), to the optical
absorption and photoluminescence spectra. Furthermore, we
provide evidence for an atomic reconfiguration mechanism
starting from the side edges and corners of the platelets,
resulting in thicker rims on each platelet while leaving the
central area of the platelets intact. One (or more) holes in the
center of the NCs are only formed in the final annealing step at
220 °C, resulting in a genuine ring (genus = 1 class).

Additionally, we performed “muffin-tin” calculations consid-
ering the exciton as a composed but single particle and solving
the Schrodinger equation for a realistic three-dimensional
model of a CdSe NPL and quantum ring, as obtained from
HAADF-STEM. The results were transformed to an energy
level scheme for the confined excitons by considering the
heavy-hole and light-hole excitons as composed “single
particles” with a center-of-mass motion characterized by their
effective reduced masses. Our calculations provide an energy
gap between the heavy-hole and light-hole excitons in NPLs in
reasonable agreement with the absorption spectrum and link
this convincingly to the reduced separation observed in the
CdSe rings due to weaker confinement. Reduced confinement
also explains the strong red shift of the two absorption peaks
and the red shift in the photoluminescence peak for the
quantum rings compared to the original CdSe NPLs.

B EXPERIMENTAL SECTION

Chemicals. 1-Butanol (BuOH, anhydrous, 99.8%), cadmium
acetate (Cd(OAc),, 99.995%), cadmium acetate dihydrate (Cd-
(OACc),2H,0, >98.0%), cadmium nitrate tetrahydrate (Cd(NO;),:
4H,0, 98%), methanol (MeOH, anhydrous, 99.8%), l-octadecene
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(ODE, technical grade 90%), oleic acid (OA, technical grade 90%),
oleylamine (OLAM, technical grade 70%), and sodium myristate
(>99%) were bought from Sigma-Aldrich. n-Hexane (anhydrous),
selenium (200 mesh, 99.99%), and tri-n-butyl-phosphine (TBP, 95%)
were bought from Alfa Aesar, STREM Chemicals, and Acros
Organics, respectively.

Synthesis of 4.5 ML CdSe NPLs. CdSe NPLs with a thickness of
4.5 monolayers (MLs) were prepared via an earlier reported synthesis
method of Bertrand et al.'* To obtain NPLs with a square aspect
ratio, a mixture of 50/50 mol % Cd(OAc),-2H,0/Cd(OAc), powder
was added during the synthesis. Afterwards, the mixture was washed
with a 1:2 mixture of MeOH/BuOH. The desired 4.5 ML NPLs were
subsequently isolated via size-selective precipitation by the addition of
small amounts of MeOH/BuOH and centrifugation. The 4.5 ML
NPLs were finally redispersed in hexane.

Conversion of 4.5 ML CdSe NPLs in Quantum Rings. CdSe
NPLs were converted into quantum rings via the previously reported
procedure of Fedin et al.'® with minor modifications. Elemental
selenium was dispersed in OLAM to yield a concentration of 7.9 mg
Se/mL OLAM. 1.0 milliliter of CdSe NPLs with an absorbance of 0.2
at the first exciton transition after diluting 300 times was precipitated
and redispersed in 3 mL of ODE and 1.5 mL of OLAM. In the first
heating step, the redispersed NPLs were heated to 80 °C for 10 min
to allow the remaining hexane to evaporate. Thereafter, 200 yL of the
Se-OLAM was added and heated to either 140 or 155 °C in an 8 mL
reaction vial or a round-bottom flask. During the last heating step,
TBP is added, followed by quick heating to 220 °C. After allowing the
solution to cool down, the mixture was washed once with a 1:2
solution of MeOH/BuOH and redispersed in hexane for further
characterization.

Characterization. Photoluminescence measurements were per-
formed on an Edinburgh Instruments FLS920 spectrofluorometer
meter equipped with a 450 W Xe lamp and a Hamamatsu R928 PMT
detector. UV/vis absorption spectra were measured on a PerkinElmer
950 UV/VIS/NIR spectrophotometer.

TEM samples were made by drop-casting a diluted dispersion of
NCs on carbon-coated TEM copper grids. Quantum rings with an
edge-up orientation were prepared by the addition of a small amount
of a 1:2 mixture of MeOH/BuOH to the NC dispersion and
consequently drop-cast on a TEM grid. If contamination of
hydrocarbons arose during imaging, the copper grid was treated

https://doi.org/10.1021/acs.chemmater.1c01618
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Figure 2. Monitoring the transformation of CdSe NPLs into quantum rings at 155 °C on aliquots in real time with optical spectroscopy and
HAADF-STEM. (a) Absorption and (b) photoluminescence spectra of the dispersion of NPLs, aliquots taken after the mixture reached 155 °C (0
min), and after 1, 2, 4, 6, 8, and 10 min of reaction at 155 °C. For clarity, the evolving spectral features have been marked with colored circles (see
the text and Figure S11). The continuous thick lines present the results for the sample that has been annealed at 220 °C following 10 min of
reaction. (c) HAADF-STEM images of the original CdSe NPLs, NCs in the aliquots extracted at given times from the reaction at 155 °C, and the
final quantum rings obtained after annealing at 220 °C following 10 min of reaction. All scale bars are 10 nm.

with EtOH and activated carbon according to an earlier reported
procedure.' Low-resolution HAADF-STEM imaging was performed
on either an FEI Tecnai 20FEG or Talos F200X operating at 200 keV.
High-resolution HAADF-STEM imaging with atomic resolution was
performed on an aberration-corrected Thermo Fisher Titan micro-
scope operating at 300 keV.

Muffin-Tin Calculations. The energy states of the CdSe quantum
rings were calculated by exploiting a three-dimensional particle in a
box calculation, treating excitons as single particles. Here, realistic
dimensions of a quantum ring with radius R, cylindrical radius r as

f(x,y,2) = (&> + y* + R*)* + 2> — r?, with an optional mem-
brane with thickness z,,cmbrane Were used. The simulations were done
with a potential landscape, which can be used to solve the
Schrodinger equation numerically by using the finite element method.
As the exciton consists of (HH,e) and (LH,e) two-body excitations,
we can mimic these as “heavy” (HH,e) or “light” (LH,e) excitonic
particles using the conce})t of reduced mass with m, = 0.13, myy =
0.90, and my 5 = 0.19."“"” From this, the reduced mass of the (HH,e)

= 2™ — 1], and (LH,e) was found to be

1s ﬂe,HH - me + myyy

— _MeMiH
ﬂe,LH - me + mpy
these two reduced masses from which the decrease in energy
difference between the excitonic first states was determined. The
lowest state can be visualized by taking the square magnitude of the

calculated wave functions.

= 0.077. The calculations were performed using

B RESULTS AND DISCUSSION

Real-Time Characterization of the Evolution of CdSe
NPLs into Rings. CdSe quantum rings are prepared by
performing a thermochemical treatment with elemental
selenium on 4.5 ML CdSe nanoplatelets (NPLs) following
an earlier reported procedure by Fedin et al.'’ First, the CdSe
NPLs are heated for several minutes in the presence of
oleylamine and elemental selenium at either 140 or 155 °C.
Second, in what we have assigned as the “thermal annealing”
step, tri-n-butyl-phosphine (TBP) is added, followed by quick
heating to 220 °C and cooling to room temperature.
Interestingly, the end product of the treatment at 140 °C is
very different from that at 155 °C. In the first case (140 °C),
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the NCs are still square in shape and have thickened rims at
the edges and holes in the center. In the second case (155 °C),
real toroidal rings are formed with rounded shapes and lateral
dimensions much smaller than the original NPLs. Preparation
of quantum rings at a slightly higher temperature (160 °C)
resulted in the formation of spherical particles (Figure S1). We
investigated the mechanism of formation by taking aliquots out
of the reaction vessel during the reaction, and subsequently
analyzed the intermediate reaction products with HAADEF-
STEM, combined with optical absorption and photolumines-
cence spectroscopy.

Figures 1 and S2 show the results of a typical treatment
performed at 140 °C. The HAADF-STEM image of CdSe
NPLs in Figure 1c shows that the NCs have lateral sizes of 14.2
X 15.7 nm®. Moreover, the scattering intensity over a single
NC is homogeneous, an indication of uniform thickness.
Correspondingly, the absorption spectrum (Figure 1a) shows
the characteristic features of 4.5 ML thick CdSe NPLs, i.e., the
heavy-hole—electron (HH,e) and light-hole—electron (LH,e)
exciton absorption peaks (dark green and light green marks,
respectively), separated by 155 meV.'”"® At a higher energy,
the split-off hole—electron transition is observable (blue
mark)."”"® The photoluminescence spectrum (Figure 1b)
shows a single exciton emission peak at 2.41 eV with a typical
small Stokes shift of 10 meV.

The absorption spectra of aliquots taken after reaching 140
°C and after 1 and 2 min clearly show the spectrally unchanged
(HH,e) and (LH,e) exciton absorption peaks. However, these
spectral characteristics lose intensity and become less
noticeable with time. Simultaneously, the absorption onset
shifts to lower energies. Since the oscillator strength of the
exciton absorption peaks is proportional to the number of
CdSe unit cells present,'” the decrease in the (HH,e) and
(LH,e) absorptance peaks indicates that the surface area of the
NPLs decreases during the treatment. Additionally, the
shoulder appearing at lower energies between 2.2 and 2.4 eV
indicates the formation of thicker regions, which corresponds

https://doi.org/10.1021/acs.chemmater.1c01618
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Figure 3. Detailed comparison of the crystal structure of CdSe NPLs and resulting quantum rings with HAADF-STEM after a selenium treatment
at 155 °C and annealing at 220 °C. (a) HAADF-STEM image showing that the quantum rings have smaller lateral dimensions and a much thicker
rim compared to the NPLs. (b) Intensity along the red dashed line in panel (a) shows different intensity profiles of an NPL and two quantum rings.
The CdSe NPL (NC1) shows a relatively uniform intensity. The left quantum ring (NC2) shows a thicker rim with roughly twice the intensity of
NCI and a thinner center with a similar intensity to NC1. The right quantum ring (NC3) shows a completely formed hole in the center. Panels
(c1) and (d1) show images at higher magnifications of NC2 and NC3, displaying the (almost) single-crystalline zinc blende CdSe structure,
confirmed by the corresponding fast Fourier transform (FFT) patterns in panels (c2) and (d2).

to the emergence of thicker rims at the edges of the NPLs
(Figures 1c and S2).

In the aliquots taken after 4 min and onwards, the contrast
of the rims becomes better visible, indicating that the rims
increase in relative thickness. Instead of the original absorption
peaks of CdSe NPLs, two partly overlapping resonances
emerge, which shift gradually to lower energy with time. The
positions of the two resonances, indicated by red and orange
marks, have been found by performing second-derivative
analysis on the absorption spectra (Figure S4). These shifts
strongly suggest that these features reflect the (HH,e) and
(LH,e) exciton absorption peaks of the thickened rims.
Similarly, the absorption of the (split-off hole—electron)
transition (blue marks) shifts to lower energy. We observe
that the Stokes shift becomes smaller and smaller as the NCs
gradually obtain their final ring structure (Figure SS). A further
analysis of the relation between the shape of the NC and the
optical properties based on muffin-tin calculations is given
below. Interestingly, in the final annealing step at 220 °C, a
further reconfiguration takes place, as the NCs clearly obtain
holes in the center. The increased thickness of the rims and
formation of the holes were confirmed by the HAADF-STEM
images, as the surface area of the NCs diminished from 200.6
+ 42.9 to 123.7 + 20.7 nm* (Figure S3).

The photoluminescence spectra of the NCs feature a broad
emission peak (red marks) that gradually shifts to a lower
energy, reflecting emission from the (HH,e) state confined in
the rim at the edges. Remarkably, the final product exhibits two
emission bands: one at 2.07 and the other located at 2.18 eV.
The emission peak at 2.07 eV is red-shifted with respect to the
(HH,e) absorption peak at 2.11 eV, indicative of the (HH,e)
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transition. The optical properties of quantum rings prepared at
140 °C are further studied with photoluminescence excitation
spectroscopy and varying temperatures (Section S3).

Figures 2 and S9 present the evolution of the NPLs to rings
upon treating the NPLs with elemental selenium at 155 °C.
The atomic reconfiguration proceeds faster and is much more
pronounced than at 140 °C. The end products are quantum
rings with a rounded shape, thick rims, and lateral dimensions
smaller than the NPLs. It can be observed that some quantum
rings still have an inner membrane of the NPLs, while other
rings have a clear hole (Figure 2c). A further investigation of
the atomic structure, crystallinity, and shape of the quantum
rings will be presented in the next section.

The (HH,e) and (LH,e) exciton absorption features of the
NPLs disappear after 2 min of reaction and are replaced by two
(partial) overlapping resonances (red and orange circles) that
shift strongly to lower energies with increasing reaction times
(Figure 2a). It is reasonable to assume that these two
resonances still indicate the (HH,e) and (LH,e) exciton
absorption features but now of excitons confined to the rims
that increase in thickness during the reaction. Support for this
follows from muffin-tin calculations in the last section. The
energy separation between the (HH,e) and (LH,e) exciton
absorption features evolves from 155 meV in the NPLs to 75
meV in the quantum rings. The features marked by blue points
(indicative for the (split-off hole—electron) transition) show a
similar evolution to lower energies with reaction times. The
photoluminescence spectrum shows one strongly broadened
peak, which shifts gradually to a lower energy during ring
formation (Figure 2b). In the finished quantum rings, the peak
maximum is at 1.91 eV, at a considerably lower energy than for
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Figure 4. Muffin-tin calculations on the CdSe quantum ring system. (a) High-resolution HAADF-STEM image of a single quantum ring used as a
model for the muffin-tin calculations. (b) Schematic model of a CdSe quantum ring from the top, indicating the dimensions of the quantum ring
(radius R and cylindrical radius r). (c) Visualization of the squared amplitude of the lowest-energy (s-type) wave function, representing the heavy-
hole—electron (HH,e) exciton state. The highest spatial probability is in the central part of the ring. Similar wave function maps are found for
quantum rings in which the central CdSe membrane is still present (Figure S16). The muffin-tin calculations result in single-particle estimations for
the energy levels of the heavy-hole and light-hole excitons, the energy difference between these resonances, and the spectral shift of these

resonances in the evolution from an NPL to a ring (see the text).

the rings prepared at 140 °C. The Stokes shift between the
broad (HH,e) luminescence and absorption peak is larger than
for the NPLs (Figure S12).

Shape and Crystal Structure of the Rings Formed at
155 °C. We have performed a detailed atomically resolved
characterization of the final CdSe rings using aberration-
corrected HAADF-STEM imaging (see Figures 3 and S13). To
compare the shape of NPLs and quantum rings prepared at
155 °C, we intentionally mixed pure solutions of both NCs.

Several aspects can be observed. First, the average surface
area of the quantum rings (132.4 + 35.8 nm?) is smaller than
that of the original NPLs (233.1 + 45.5 nm?) (see also Figure
S10). Second, as the intensity in HAADF-STEM imaging
scales with the atomic number Z (so-called Z-contrast
imaging), we can use the intensity to identify if a hole is
formed in the center of the rings. We stress that HAADE-
STEM is a powerful tool to investigate the holes of quantum
rings, as these are hardly visible with conventional bright-field
TEM (Figure S14). We took a line profile across the NCs
(Figure 3b) and used the intensity of the carbon support as a
reference. If the intensity of the thinnest part of an NC is
higher than the carbon support, it indicates that there is a
membrane left inside the NC. We find that many quantum
rings still have a membrane inside with the thickness of the
original NPLs, ie., 1.3 nm.”® This is clearly observable from
Figure 3b, which shows an intensity line profile along the red
dashed line in Figure 3a. The measured area is shown in the
inset on top of Figure 3b, so that the locations of the three
measured NCs are aligned with the line profile below. The
leftmost NC (NC1) with a relatively uniform intensity is a
CdSe NPL. The NC in the middle (NC2) is a typical example
of a quantum ring with the 1.3 nm thick membrane still
present. The intensity in the center of NC2 is similar to that of
the NPL on its left, and the intensity in the rim of NC2
amounts to roughly twice the intensity of NC1. In Figure 3cl,
an image of NC2 at higher magnification is shown, in which a
continuous crystal lattice can be observed. In contrast, the
rightmost NC (NC3) shows a much lower intensity in the
center, which is similar to the carbon support, thus showing
that a hole has been formed. A HAADF-STEM image of NC3
at higher magnification is shown in Figure 3d1, confirming the
small hole (region with no atoms) in the center of the NC.

The results shown here do not agree with the formation
mechanism that has been put forward by Fedin et al,, featuring
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Se-induced etching of the top and bottom surfaces. First, the
reduced lateral dimensions and the formation of thicker rims
show that the atomic reconfiguration predominantly occurs at
the edges. Second, the frequent observation of membranes
with a thickness similar to that of the original NPLs in the
center of the quantum rings indicates that etching of the top
and bottom surfaces does not occur. Instead, our results show
that CdSe units from the vertical edge planes are redeposited
on the top and bottom surfaces at the rim, resulting in a
pronounced thickening of the rim. In that scenario, the top and
bottom planes terminated by both acetate and oleate remain
intact. The exact moment at which a hole is formed, and why,
is not entirely understood. Nevertheless, we observe that hole
formation is more pronounced after the thermal annealing step
at 220 °C. Inhomogeneous crystalline stress”' can be a reason
for the formation of hole in the center of the NC, resulting in a
genuine ring.

Representative high-resolution images of quantum rings
(Figure 3cl,d1) show single-crystal zinc blende CdSe
structures oriented on the [100] zone axis, confirmed by the
corresponding fast Fourier transform (FFT) patterns depicted
in Figure 3c2,d2. These observations are consistent with the
analysis of several other quantum rings.

Although most quantum rings lack defects such as grain
boundaries or dislocations, slight misorientations are present in
small areas. For instance, at the left-bottom corner of the
quantum ring in Figure 3d1, a slight difference in orientation of
atomic columns is present compared to the rest of the crystal,
which we attribute to bending after release of strain. Next to
the areas with rounded edges, four specific facets are favored,
namely, (001), (010), (011), and (01—1) facets, as indicated
in Figure 3c1,d1.

Figure S1S5 shows HAADF-STEM images of quantum rings,
which are oriented edge-up. The thickness of the quantum
rings varies between 2.5 and 3.5 nm, although domains up to
5.0 nm are observed as well. This corresponds to an average
thickness of 9—12 monolayers of CdSe and shows that the
rings can become 2—3 times thicker than the 1.3 nm thick 4.5
ML NPLs,*® which is in line with the image intensity profile in
Figure 3b. Furthermore, the thicker corners and rounded
shapes of the rings suggest that the atomic reconfiguration
occurs most severely at the corners of the NPLs. The atomistic
mechanism and role of selenium in this atomic reconfiguration
cannot be deduced from our results and will require advanced
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molecular dynamics modeling. Thus, in the reshaping of an
NPL into a ring, the large top and bottom surfaces remain
highly stable. This is in contrast to the edges and corners that
undergo a remarkable atomic reconfiguration. The formation
of holes in the rings occurs mainly in the last “annealing step”
at 220 °C, something that is clearly visible in the preparation of
the rings at 140 °C.

Relation between the Spectral Features and the
Shape of the CdSe Quantum Rings. To relate the
absorption and emission features of the CdSe quantum rings
prepared at 155 °C to their shape and dimensions, we have
performed simple muffin-tin model calculations using a model
quantum ring with dimensions similar to the prepared
quantum rings. The results are quantitatively compared with
model calculations on a rectangular 4.5 ML thick CdSe NPL
(1.3 X 10 X 10 nm?). A model of the quantum ring is shown in
Figure 4b. The prepared quantum rings are relatively
polydisperse and were approximated as toroidal NCs with a
radius R of 3.6 nm and a cylindrical radius r of 1.6 nm, as a
decent averaged model.

We consider the exciton states as electron—hole-composed
single particles with a reduced effective mass, which is derived
from the conduction band and heavy-hole (HH) and light-hole
(LH) valence bands. We solve the Schrodinger equation for a
particle with this effective mass confined in the CdSe ring of
Figure 4a, thus neglecting the electron—hole Coulomb
attraction. Figure 4c presents the lowest (HH,e) state in the
ring, with an s-like envelope function, although with a genus of
1. The single-particle wave functions are delocalized over the
entire quantum ring, even if we take a model with a membrane
inside the ring with the thickness of a CdSe NPL (see Figure
S$16). In the latter case, the energy of the states is nearly equal
to those for the modeled quantum ring without the membrane.
For the (HH,e) exciton state, we use a reduced effective mass
Myp,e of 0.11 in agreement with literature values.'®"” For the
(LH,e) exciton state, we use a reduced mass . of 0.09,
instead of the literature value of 0.077'“'” to obtain a better
quantitative agreement with the spectral results.

First, we examine the 4.5 ML CdSe NPLs. The
experimentally determined energy difference between the
(HH,e) and (LH,e) peaks is 155 meV. Using the slightly
adapted reduced mass for the (LH,e) exciton, we calculate a
difference of 152 meV (Figure S16), in good agreement with
the experimental result. Next, we examined the formed
quantum rings. The energy difference between the (HH,e)
and (LH,e) peaks in the quantum rings is smaller due to the
reduced quantum confinement in the quantum ring versus the
NPL. Since the (HH,e) and (LH,e) peaks overlap, we used
second-derivative analysis to decompose the absorption
spectrum and found an energy difference of 75 meV (Figure
S11). The muffin-tin calculation resulted in an energy
difference of 105 meV, in reasonable agreement with the
experimental result.

The calculations provide a single-particle result, neglecting
the electron—hole attraction energy. However, if we assume
that the electron—hole attraction for the (HH,e) and (LH,e)
states is similar to a good degree, our single-particle calculation
is reasonable. We thus confirm that the red-shifted peaks (red
and orange marks) in the absorption spectrum of the quantum
rings (Figure 2a) are due to the (HH,e) and (LH,e) states
similar to the two sharp peaks in an NPL.

In analogy, we assign the broad emission of the quantum
rings to the (HH,e) exciton state. The considerably broader
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peak of emission reflects inhomogeneous broadening as the
shapes and sizes of the quantum rings are not entirely
monodisperse (see Figures 2 and S15), in contrast to the
uniform thickness of the NPLs. Now, we consider the strong
red shift of the (HH,e) exciton state in the absorption
spectrum of the quantum rings with respect to the NPLs.
Experimentally, this red shift is 492 meV, while our muffin-tin
calculation provides an energy shift of 407 meV. We remark
that a slightly larger quantum ring (cylinder radius r of 1.9
instead of 1.6 nm) provides a red shift increasing to 567 meV,
indicating that the cylinder radius is a critical factor in the red
shift. In the evolution from platelets to rings, both the reduced
(HH,e)—(LH,e) energy separation and the absolute red shift
of these resonances can be explained in a consistent manner by
the presented model.

B CONCLUSIONS

By combining HAADF-STEM imaging with absorption and
photoluminescence spectroscopy, we were able to follow the
evolution of CdSe nanoplatelets to CdSe quantum rings. Our
results show that atomic reconfigurations at the edges result in
intermediate crystal shapes with thickened rims, while the
formation of a hole inside these nanocrystals occurs only at the
end of the process at elevated temperatures. High-resolution
HAADEF-STEM images show how the cubic zinc blende crystal
structure and facet termination can be in compliance with the
ring shape. The quantum rings still display the (HH,e) and
(LH,e) exciton resonances, albeit less separated in energy due
to the reduced confinement. As CdSe rings are the first crystals
in a topological class with genus 1, they might be of interest for
fundamental studies of the optoelectronic properties in a
magnetic fleld and perhaps form the basis for optical quantum
sensors.
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