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ABSTRACT: Semiconductor quantum rings are of great
fundamental interest because their non-trivial topology
creates novel physical properties. At the same time,
toroidal topology is difficult to achieve for colloidal
nanocrystals and epitaxially grown semiconductor nano-
structures. In this work, we introduce the synthesis of
luminescent colloidal CdSe nanorings and nanostructures
with double and triple toroidal topology. The nanorings
form during controlled etching and rearrangement of two-
dimensional nanoplatelets. We discuss a possible mecha-
nism of the transformation of nanoplatelets into nanorings
and potential utility of colloidal nanorings for magneto-
optical (e.g, Aharonov—Bohm effect) and other applica-

tions.

C olloidal synthesis of inorganic nanostructures has seen

impressive development during the past two decades.'
We are witnessing the emergence of a general synthetic
methodology for sculpting inorganic solids into functional
nanomaterials with unprecedented physical and chemical
properties. Precise engineering of size, shape, and composition
of nanoscale crystals is required to fully exploit and utilize
optical, electronic, magnetic, and catalytic properties across a
broad range of nanomaterials.” In the case of semiconductor
nanostructures, the relation between the geometry (ie., size
and shape) and the electronic structure is encoded in quantum
confinement: the nanocrystal surface serves as a boundary to
confine the electron and hole wave functions. The control over
shape and size of quantum-confined semiconductors enables
materials with desired optical properties (e.g, the energy and
polarization of emitted photons). In addition to the geometry,
the topology of the wave function has important implications
for materials properties.” Traditional nanoparticles, nanowires,
and two-dimensional nanosheets all belong to the same
topological class with the genus (g) equal to zero (g = 0)
and Euler characteristic y = 2. In a core—shell nanoparticle,
both the core and the shell components are topologically
equivalent (g =0, y = 2)."

In this work we discuss colloidal synthesis of semiconductor
nanostructures with a different topology, such as a ring (g = 1)
and a double ring (g = 2). There are only a few examples of
semiconductor ringlike nanostructures typically formed by
molecular beam epitaxy’~” or oriented attachment of spherical
nanocrystals.*” It is likely due to synthetic difficulties that
toroidal topology is currently underrepresented in the field of
colloidal quantum-confined semiconductors. CdSe is widely
regarded as a model system with well-understood chemistry,
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physics, and optical properties utilized in various applications,
such as luminescent biotags and flat-panel displays.'”"’
Generations of synthetic protocols have evolved to afford
colloidal CdSe quantum dots (QDs), rods with controlled
diameters and aspect ratios, and nanoplatelets (NPLs) with
controlled thicknesses and lateral dimensions. We demonstrate
that crystalline CdSe nanorings (NRings) can be accessed via a
somewhat counterintuitive route involving controlled etching
and rearrangement of CdSe NPLs (Figure 1A).

To prepare CdSe NRings, we first synthesized colloidal CdSe
NPLs using Ithurria and Dubertret’s approach.'” Nanoplatelet
thickness can be varied with true atomic precision, enabling
samples where all NPLs contain three, four, or five monolayers
(MLs) of CdSe with an additional layer of Cd atoms, so that
both sides of the NPLs are Cd-terminated.” In this study, we
primarily used 4 ML CdSe NPLs with sharp excitonic emission
at 512 nm. These NPLs with lateral dimensions 20 nm X 7 nm
(Figure 1B) were dispersed in 1l-octadecene and oleylamine
(OAm) (3:1 by volume), and Se powder was added to the
solution. They were then heated to 140 °C and kept at this
temperature for 5—10 min, followed by the addition of
tributylphosphine to prevent aggregation, quick heating to
220 °C and cooling. This simple treatment resulted in the
formation of CdSe NRings shown in Figure 1C. The reaction is
rather sensitive to experimental conditions: the size and
concentration of NPLs, amount of Se, duration of heat
treatment, and temperature of the treatment as summarized
in the Supporting Information (SI, Figures S1 and S2). After Se
treatment, CdSe NRings showed only weak photoluminescence
(PL), but adding Cd(HCOO), powder to the reaction mixture
produced NRings with bright band edge PL (Figure 1D). CdSe
NRings showed clear excitonic peaks in the absorption spectra;
their PL spectrum peaked at 661 nm with fwhm of 78 meV and
a quantum yield (QY) of 25% right after synthesis (Figure 1D).
In fact, Peng et al. recently reported that a treatment of CdSe
QDs with Se powder in OAm and Cd formate brought the QY
of the QDs to unity."*

It has been reported that elemental Se can oxidize primary
amines RCH,NH, into selenoacylamides RC(Se)NH,, which
are the active molecular species when Se powder is used for
synthesizing various metal selenide nanocrystals.'> Our treat-
ment of CdSe NPLs with thioacetamide also resulted in NRings
(Figure S3). Such an outcome suggests that the active species is
selenoleylamide formed from Se powder and OAm in situ.
Similarly, elemental sulfur can be used instead of selenium
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Figure 1. (A) Schematic of the transformation of CdSe nanoplatelet
(NPLs) into a NRing. (B) TEM image of 1.2 nm thick CdSe NPLs
with 20 nm X 7 nm lateral dimensions used as precursors for NRings.
(C) TEM image of the resulting NRings. (D) Absorption and
photoluminescence (PL) spectra of a colloidal solution of CdSe
NRings. Inset: A photograph of a colloidal solution of the NRings
luminescing under UV light. (E) High-resolution TEM image of a
CdSe NRing. The scale bar indicates S nm. The red grid shows 3 X 3
unit cells of zinc blende structure.

(Figure S4), though the transformation of NPLs into NRings
was slower. Nanoplatelet perforation does not occur with either
Se or thioacetamide in the absence of amines (Figure SS),
which serves as indirect evidence of the role of OAm in the
reaction.

The NRings retained the zinc blende crystal structure of
CdSe NPLs, which was confirmed by X-ray diffraction (Figure
S6). High-resolution TEM images show lattice planes of zinc
blende lattice viewed along the 001 zone axis when imaged
normal to the NRing plane (Figure 1E). The lattice constant
agrees with the reported values for zb-CdSe. The trans-
formation of NPLs into NRings occurs with an increase in the
thickness and partial relaxation of the quantum confinement as
evidenced by structural and spectroscopic studies.

The lateral dimensions of CdSe NPLs can be tuned by
adjusting experimental parameters as shown in Figure $7.'°
When longer CdSe NPLs (35 nm X 8 nm) were treated with Se
powder, they transformed into nanostructures with two or
three coplanar rings coupled within a single-crystalline unit
(Figure 2A,B). These nanostructures showed a strong
luminescence peak at 637 nm, fwhm of 91 meV, and a room-
temperature PL QY of 50% (Figure 2F). To the best of our
knowledge, bi- and tritoroidal topology is unprecedented not
only for colloidal but also for MBE-grown nano-semi-
conductors.
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Figure 2. TEM micrographs of (A) 1.2 nm thick CdSe NPLs with 3§
nm X 8 nm lateral dimensions used as precursors; (B) CdSe double
rings obtained from long NPLs (inset shows a photograph of the
colloidal solution illuminated with UV light); (C,D) CdSe NRings
coated with 3 ML of Cd,_,Zn,S shell; and (E) CdSe double rings
coated with 2 ML of Cd,_,Zn,S shell. (F) Absorption and PL spectra
of CdSe double rings shown in panel (B) and Cd,_,Zn,S core—shell
double rings from panel (E).

CdSe NRings represent a convenient platform for building
more complex nanostructures with toroidal topology. For
example, CdSe/Cd;_,Zn,S heterostructures can be synthesized
from CdSe single and double CdSe NRings using colloidal
atomic layer deposition (c-ALD)"” as described in the SI. The
holes in the structures were preserved (Figures 2C—E, S8—
S10). The first excitonic peak and the PL peak red-shifted and
the core—shell NRings showed bright and stable PL (Figure
2F). Since the chemistry of CdSe nanomaterials is well
developed at this point, we believe that many transformations
discovered for CdSe QDs (e.g, cation exchange reactions) '
can be implemented for NRings.

We attempted to understand the mechanism behind the
transformation of NPLs into NRings. This process may look
unusual from the point of view of traditional crystal etching,
where chemically active surfaces typically get etched away
first.'” Indeed, the synthesis of NPLs implies that acetate-
capped (001) zinc blende faces of NPLs are the most passivated
facets of NPLs."> Why do these stable facets get selectively
perforated during treatment with Se powder in the presence of
OAm?

The top and bottom NPL faces are Cd-terminated (001)
facets of zb-CdSe lattice as shown in Figure 3A.”° For the NPL
family emitting at 512 nm, each NPL has five Cd layers and
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Figure 3. Proposed reactions sequence for the transformation of CdSe nanoplatelets (NPLs) into nanorings. (A) Initial CdSe NPL is a thin slab of
zb-CdSe lattice terminated by (001) top and bottom facets and side facets represented by either [110]- or [111]-type facets. The atomic structure of
corresponding surfaces are shown. (B) When treated with a Se precursor, the side facets get Se-terminated while the top and bottom facets remain
Cd-terminated and ligated by X-type ligands. (C) Cd atoms can leave (001) facet via the Z-type ligand displacement reaction promoted by L-type
oleylamine (OAm) ligands. The removed Cd atoms can deposit at the side facets. (D) The etch-pit developed in CdSe NPL generates strain that
distorts crystal lattice and may activate the etching of the bottom facet. (E) Final CdSe nanoring.

four Se layers in between.”' To satisfy charge neutrality in a where X are negatively charged ligands (e.g, CH,COO",

nonpolar solvent, (001) facets require passivation with X-type OH"). During NPL lateral growth or synthesis of core-crown
ligands,”® such as carboxylate RCOO~, leading to NPLs,”**~%¢ the excess of Cd(RCOQ), in solution shifts the
[CdSe],,[CdX,], stoichiometry where n reflects the lateral equilibrium left. In contrast, during the formation of NRings,
dimensions. This stoichiometry implies one X-type ligand per the excess Se precursors facilitated the desorption reaction,
Cd atom on the top and bottom facets containing 5.4 Cd known as L-promoted Z-type ligand displacement.”” This

atoms/nm?® (0.185 nm?*/atom). The typical footprint of a process is facilitated by L-type ligands (OAm) which stabilize
COO™ headgroup (~0.3 nm?)*>** is larger than the available CdX,L, molecular species in solution and bind to the NPL
area per surface atom and some fraction of X-type ligands can surface after remova.l of CdX, }mits. Stripping one Cd from a
be represented by small ions, e.g, hydroxyl (OH™).>>** We (oo1) .facet requires breaking two C}d—Se bonds. In
hypothesize the existence of some particularly favorable comparison, stripping a Cfi atom from a side (110) or (111)
arrangement of surface ligands that greatly stabilizes (001) f‘f‘cet would require breaking three C_Zd—Se bonds. Therefore,
CdSe facets with respect to other NPL facets during synthesis. side NFL facets‘ are more susceptible to growth but less
The side facets of as-synthesized CdSe NPL are normal to the susceptible to dissolution than (001) faces of CdSe NPLs.
[110] direction.’ These can be true (—1—10) facets with 90° Released CdX,L, molecules can diffuse out or react with side

angle to the (001) NPL faces (Figure 3A, right) or a facets, forming three Cd—Se bonds as shown in Figure 3c.

combination of Cd-rich (111) faces and Se-rich (—111) faces The removal of C,dX,ZLZ leaves neighboring Cd and Se atoms
(Figure 3A, left). In either case, every surface Cd or Se atom unsatur?ted, destabilizing th.e structure locall'y and making I
forms three bonds with other lattice atoms and has one susceptible to further etching and developing an etch pit,
dangling bond Amines can facilitate the dissolution of undercoordinated

Sl hosohi lenid | Jamid ‘ chalcogen atoms from the etch pit.28 As the etching progresses,
imilar to phosphine selent e.sf se enoac?f anllsl e can transter Cd and Se atoms depart from the middle of the NPL and settle
the chalcogen to an electrophilic metal ion.” We therefore

. ) s at the rim. The development of the pit disrupts tetrahedral
expect that during the treatment of colloidal CdSe NPLs with coordination of Cd and Se atoms, developing strain in the NPL
Se-OAm complex, Se atoms deposit on side facets forming a

! ! lattice. Such strain may destabilize surface atoms on the
rim around the NPL. It has been shown that NPL side facets opposite (bottom) NPL facet and make them more susceptible
show much higher reactivity toward further growth, consistent

) - oy ¥ to reaction 1 compared to other atoms in the bottom face of
with the synthesis of CdSe/CdS,” CdSe/CdTe,™ and CdS/ the NPL as shown in Figure 3D. Such coordinated etching of

CdSe™ core—crown NPLs under somewhat similar exper- the top and bottom faces, combined with re-deposition of Cd
imental conditions. Figure 3B outlines the formation of Se- and Se atoms at the rim around the NPL, should proceed until
terminated side facets while preserving Cd-termination for the NPL develops a hole and transforms into a toroidal particle
(001) facets due to strong X-type ligation. (Figure 3E). Further studies will be necessary to fully test this
The CdX, units can bind to and desorb from the NPL proposed mechanism.
surface in the presence of OAm (Figure 3C), establishing the A similar mechanism may be also applicable to other
equilibrium: compound semiconductors. Indeed, the treatment of CdTe
NPLs with Se powder resulted in perforations similar to those
[CdSe],,[CdX,], + OAm observed in the case of CdSe, though large lateral dimensions of

initial NPLs prevented us from obtaining uniform NRings
< [CdSe],,[CdX,],_;(OAm), + CdX,(OAm), (1) (Figure S11).
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What are colloidal semiconductor NRings good for? We
envision two broad directions for future explorations of toroidal
semiconductor nanostructures. First is the study of properties
of quantum-confined semiconductor NRings themselves.
Because of synthetic inaccessibility, relatively little theoretical
and experimental work has been devoted to this interesting
class of low-dimensional electronic systems. It has been shown
that epitaxially grown toroidal InAs/GaAs nanostructures
exhibit oscillations of the lowest-energy electron and hole
states, and a stepwise transition of the angular momentum
quantum number, |, from zero to higher values with an
increasing magnetic field penetrating the ring.”””*° The latter
results in transitions between bright (I, =0 and [, = 0, [, = —1
and [, = +1, etc.) and dark (I, =0 and [, = +1, ], = —1 and [, =2,
etc.) excitons’—an optical manifestation of the Aharonov—
Bohm effect.”’ There are theoretical studies predictin%
formation of magnetoexcitonic states in quantum rings,32’3
terahertz absorption,”* and other effects that require semi-
conductor nanostructures with nontrivial topology.

In addition, our colloidal CdSe NRings represent the first
example of luminescent topological nanocolloids. Recent work
by Senyuk et al. introduced the concept of topological colloids,
such as colloidal rings and double rings shown in Figures 1C
and 2B, and described nontrivial behavior of such particles
introduced in a nematic liquid crystal, leading to togological
defects and new memory effects in the liquid crystals™ calling
for new explorations of topology-dictated colloidal phenomena.
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