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ABSTRACT: Tetrahedral nanocrystals (NCs) have emerged as promising
structures whose shape can prove advantageous over the more conven-
tional spherical structure, notably in the superior stability it affords in the
growth of III-V nanostructures. However, it is still not clear in what other
properties they differ from their spherical counterparts. It has been shown
experimentally that the position of the first exciton peak in some materials
is very different between spherical and tetrahedral dots of the same size. In
spite of this evidence, however, in the absence of accurate theoretical sizing
curves obtained specifically for tetrahedra, their size is, nevertheless, often
estimated based on emission curves relative to spherical dots instead. Here,
we provide a comprehensive theoretical characterization of tetrahedral
nanocrystals made of technologically relevant Cd-based and In-based
materials, including much needed bespoke calibration curves, band edge
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positions, and the size dependence of radiative recombination times, for side lengths ranging from ~3 to over 8 nm, corresponding
to structures containing from about 300 to over 3300 atoms. We also present a side-by-side comparison with the properties of
nominally spherical NCs made of the same materials, as a function of both volume and confinement size, highlighting differences and
similarities between the two types of structures, which are analyzed in terms of shape, degree of confinement, and number of facets.
Our results will contribute to a better understanding of the properties of these versatile shapes and, by clarifying the differences with
those of spherical nanostructures, enable a clear identification of the respective ideal application range for an effective and more

tailored device exploitation.

B INTRODUCTION

40 years ago, Brus’ group published the first ‘observation of
[quantum] size effects in the electronic properties of small,
crystalline CdS particles’ in aqueous solution,' laying the
foundations of modern nanotechnology. Since then, thanks to
their size-, shape-, and composition-dependent electronic and
optical properties, semiconductor nanocrystals (NCs) have
become versatile building blocks for a variety of applications™”
evolving from a theoretical oddity to a multibillion dollar
business.” Continuing advances in colloidal synthesis have,
furthermore, made possible the growth of a wealth of different
NC shapes, ranging from the original spherical-like nano-
particles, to more exotic and complex structures such as
tetrapods,5 octapods,é’7 and hyperbranched NCs with rich 3D
structures,” which have contributed to widen the application of
these NCs. Recently, tetrahedrally shaped NCs have become
increasingly popular, both as intermediates’ (or end products'®)
in the synthesis of branched nanostructures and as individual
entities in their own right."'™"> These NCs are particularly
interesting as their peculiar shape results'”
of (111)-equivalent cation-rich facets. In the case of InP,"° these
facets could be completely passivated with a combination of
halides and primary amines, providing a general strategy for the
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growth of III-V NCs with controlled surfaces and superior
stability.

The question therefore arises as to whether the electronic and
optical properties of tetrahedral NCs differ from those of their
spherical counterparts and, if so, whether their shape can lead to
an increased functionality and new applications.

That this may indeed be the case was recently shown by Zhao
et al.'” who, exploiting the large contact area achievable between
neighboring tetrahedra in thin-film assemblies, coupled with an
effective surface passivation, obtained mobilities of the order of
0.45 cm® V™" s7! in InP tetrahedral NCs (TNCs) with 8 nm edge
length. This represents a huge improvement compared to the
highest mobility reported'® for spherical InP NCs (<0.1 cm* V™
s71). Zhao et al.'” and Kim et al.'® further showed that also the
optical properties, and, in particular, the position of the first
exciton peak, of InP TNCs are very different from those of
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spherical NCs (SNCs) with the same size (where the size is the
edge length L in the former and the diameter d in the latter). The
lack of available sizing curves providing accurate gap versus size
relationships derived specifically for tetrahedral structures is
nevertheless forcing researchers to use inadequate calibration
curves derived for spherical NCs'” instead.

The reduced number of facets in tetrahedral NCs, although
enabling complete passivation, could, however, be detrimental
to their application in optically pumped NC lasers when
compared to their spherical counterparts. Indeed, in a recent
study on CsPbBr; NCs with different shapes but same average
edge length and nearly identical absorption onset position,”’ the
observed 2-fold increase in Auger recombination (AR) rates and
5.5-fold increase in the gain threshold for amplified spontaneous
emission were associated with a reduction in the number of their
facets (from 26, in rhombicuboctahedra, to 6, in cubes). These
effects were, however, tentatively attributed”® to the volume
dependence of the Auger recombination constant’’ and
explained as deriving from the volume decrease from

rhombicuboctahedral (V;, = 2/3a>(6 + 5+/2)) to cubic (V. =
a*) NCs with edge length a. If this were the case, however, as the
ratio between the volumes of these structures is V,;,/V_ = 8.7, so
should be the ratio between their Auger recombination times
7*R, The observed ratio was instead much lower than 8.7: T4}/
4R 1.875.*° On the other hand, considering that the
absorption onset is dictated by quantum confinement, which,
in nanostructures, is usually determined by the shortest
dimension (and not by the edge length), it is surprising that
two shapes with octahedral symmetry (Oh) can exhibit the same
absorption onset (to within 3 meV~"), despite having volumes
that differ by nearly 1 order of magnitude.

These inconsistencies raise the question of whether the Auger
suppression observed in CsPbBr; NCs with different shapes may
indeed have originated from an increase in the number of their
facets. This would open the way to a new strategy to design
Auger recombination rates based on shape engineering.

To address all these issues, we carried out a theoretical
characterization of tetrahedrally shaped NCs of different sizes
and different compositions, including most technologically
relevant II-VI (Cd-based) and III-V (In-based) materials.
Using a state-of-the-art atomistic semiempirical pseudopotential
method”” (SEPM), we compared their properties side by side
with those of nominally spherical (but actually closer to
truncated octahedral) NCs with similar sizes, volumes, and
single-particle gaps (i.e., degree of confinement). We present
accurate calibration curves (i.e., plots of the first exciton peak
position vs size) and band edge positions for TNCs made of
CdSe, CdTe, InP, InAs, and InSb, with side lengths ranging from
L ~2to L ~ 8 nm, including experimental data, where available,
for comparison and validation.

B THEORETICAL METHOD

The NCs modeled in this work have a tetrahedral shape with
four cation-rich (111)-equivalent facets'®'>'® and a bulk-like
crystal structure'* (see Figure 1). This allowed us to accurately
reproduce experimental samples. All NCs considered here (i.e.,
both tetrahedral and spherical) are modeled in their zincblende
phase. The spherical dots have a cation-rich surface to enable a
fairer comparison with the properties of their tetrahedral
counterparts as the surface composition has been found in the
past™** to affect the optical properties of NCs made of different
materials. The unsaturated bonds at the NC surface are
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Figure 1. Nanostructures modeled in this work: tetrahedral NCs (front
view, a) have four cation-terminated (111)-equivalent facets, whereas
the nominally spherical NCs (b) have a truncated octahedral shape.
Both have a bulk-like zinc-blende crystal structure. Yellow and orange
spheres represent cations and anions, respectively.

passivated by pseudohydrogenic, short-range potentials with
Gaussian form.”® This procedure ensures ideal passivation,
allowing us to focus on the intrinsic properties of these
nanostructures. The single-particle energies & and wave
functions y; are obtained by solving the Schrodinger equation
using the plane-wave semiempirical pseudopotential method
(SEPM),”” including spin—orbit coupling. Excitonic effects are
accounted for via a configuration interaction (CI) scheme,
including Coulomb and exchange interactions,”® where the
excitonic wave functions ¥ are expanded in terms of single-
substitution Slater determinants @, constructed using the
single-particle wave functions as

¥ = ¥ o,
h,e

(1)

Up to 20 valence states and 5 conduction states are used in this
expansion, corresponding to CI basis sets of 400 configurations.

The k-space decomposition of the conduction band minimum
(CBM) wave functions is performed following the procedure
described in ref 23, where the high symmetry points I', L, and X
are used as seeds for a Voronoi partition of the Brillouin
zone,”””* having the property that each wave vector contained in
that partition (Voronoi cell) is closer to the specific high-
symmetry point than to any other.

This well-benchmarked and accurate method has been used in
the past to successfully predict a wide range of experimental
features, including the size-dependent conduction and valence
band edge energies in spherical NCs of different materials,”” the
exciton dynamics in CdTe*® and InSb*’ colloidal dots, Auger
rates in CdSe NCs,”' and the electronic state properties of
CdSe,** CdTe,** and CdTe/CdSe** tetrapods.

The room temperature lifetimes are calculated as

1 ~ Zi (I/Ti)e—AEx/kBT
7(T) - Zi o AE/ksT )
where we assume Boltzmann occupation of high-energy

excitonic levels. 7, is the radiative lifetime for the transition
from state ¥ to the ground state, obtained as®®

L

%

4nF2aa),-3 5
=—F M|l
3¢

(3)

where 7 is the refractive index of the medium surrounding the
NC (here, unless otherwise stated, we assume n 1.496
corresponding to toluene), F = 3¢/(€4 + 2€) is the screening
factor, € = n?, €4, is the size-dependent dielectric constant of the
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Figure 2. Single-particle energy gap vs size—sphere diameter d (blue circles), tetrahedron height / (red triangles), and side length L (orange
triangles)—(main panels), and vs volume (expressed as the total number of atoms N,,,,,—insets), calculated for tetrahedral (triangles) and spherical

(circles) NCs of different II-VI and III—V materials. The dotted lines are guides to the eye.
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Figure 3. Conduction (main panels) and valence (insets) band edge energies vs volume (expressed as the total number of atoms N,,,), calculated for
tetrahedral (triangles) and spherical (circles) NCs of different II—VI and III—V materials. The dotted lines are a guide to the eye. The cartoon
illustrates the effect of increasing the confinement on the position of the band edges.

quantum dot,*® «a is the fine structure constant, ; is the
frequency of the emitted photon, c is the speed of light, and

=Y C%y iy
h,e

(4)

is the CI dipole moment.*
Auger recombination rates W; are calculated according to a
consolidated procedure®"*

wol 5 I(ilAﬁJlfn)I 2
h & (B, - E) +(T/2)

(%)
where li) and If,) are the initial and final Auger states, E; and E;,
are their corresponding energies, AH is the Coulomb
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interaction, and the sum is over multiple final states n (including
spin), assumed to have a finite lifetime #/T" (here ' = 10 meV is
used). The Coulomb interaction AH is screened assuming a
bulk-like dielectric within the NC (€, = €p,) and the solvent
dielectric constant outside it (€4 = €gopvent), the two regions
connected by a function varying smoothly from €, to €, across
the NC surface.*"*

B RESULTS AND DISCUSSION

According to recent effective-mass (EMA) calculations,®”
confinement is expected'®”’ to be stronger in tetrahedral
nanostructures than in spherical ones with the same volume. We
test this prediction by plotting in Figure 2 the single-particle
energy gap EY = Ecgy — Eypy as a function of both NC size (ie.,
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sphere diameter d or tetrahedron height h and side length L,
main panels) and the total number of atoms N, (insets)*®
and in Figure 3, the conduction and valence band edge positions
(Ecpwy main panels; Eygy, insets) as a function of Ny, (in
Figure S1, Supporting Information, we also provide the band
edges positions as a function of size—sphere diameter and both
side length and height for the tetrahedron—as this representa-
tion may be more relevant to experimentalists). While Figure 2
provides a measure of the exciton confinement, Figure 3
evidences the contribution of each individual charge carrier
separately and isolates the degree of confinement of electron and
hole wave functions in the two structures. It is clear that a simple
effective-mass, particle-in-a-box (with an infinite confining
potential) approach®” is inadequate to capture the complexity
of realistic nanostructures, where we find the confinement
strength to depend more on the material than on the NC shape.

In Cd-based NCs, for example, the magnitude of the single-
particle gap as a function of volume is very similar for both
shapes (nearly identical in both CdSe nanostructures and
slightly smaller in tetrahedral than in spherical CdTe NCs),
following a similar behavior of the band edge positions in these
two materials (nearly identical in spherical and tetrahedral NCs
in CdSe structures; slightly closer to the bulk band edges, i.e.,
more weakly confined, in CdTe tetrahedral than in spherical
CdTe NCs). The picture is more complex instead in In-based
dots. Spherical NCs made of these materials exhibit a larger
value of E,* suggesting that a stronger exciton confinement takes
place in these shapes. We find that this is the result of a stronger
confinement for the hole in all materials (the opposite of what is
predicted by effective-mass calculations), despite (i) a more
weakly confined electron in spherical than in tetrahedral
structures in InP and (ii) the electron exhibiting nearly identical
confinement in InAs NCs of both shapes.

Finally, in InSb, both charge carriers are more strongly
confined in spherical structures than in tetrahedra, in striking
contrast with the predictions of the particle-in-a-box calcu-
lations. This is not surprising, considering that even the more
sophisticated k-p approach has been shown™ to overestimate
both electron and hole confinement energies in NCs made of
both ionic and covalent materials owing to its failure to consider
the coupling between conduction and valence bands, which is
instead properly accounted for in our methodology.’”
Interestingly, however, we find that, in contrast with the
conclusions of Fu et al,®” in this case, the effective-mass
predictions are less accurate for materials with larger spin—orbit
(SO) splittings (InSb and CdTe), in which Figure 3 shows the
electron confinement to be clearly weaker in tetrahedra than in
spheres with the same volume. In CdSe and InAs, where the SO
splitting is similar (and about half of that in CdTe and InSb), the
electron experiences virtually the same confinement in both
shapes. Finally, in InP, whose SO splitting is about a quarter of
that in CdSe, the electron confinement is stronger in tetrahedra,
as predicted by EMA calculations. It is also interesting to note
that this effect seems to correlate with the position the different
anions occupy in the periodic table (and their electronic
configuration), where P sits higher (and has no d electrons in its
atomic orbitals), whereas As and Se are just below P (and have
3d electrons), and Sb and Te are located below As and Se (and
have both 3d and 4d electrons). In this case, EMA predictions
seem to be more accurate for lighter anions with simpler
electronic structures.

The confinement strength in the different shapes is closely
related to the degree of k-space mixing in the electron wave
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function.*” This effect is quantified in Figure S2 (Supporting
Information), in terms of the CBM contribution from different k
points in the Brillouin zone (we compare selected pairs of
spherical and tetrahedral NCs with similar numbers of
constituent atoms*' made of different materials, representative
of the three different situations occurring in Figure 3: electron
confinement is stronger in either shape and similar in both
shapes). Figure S2 (Supporting Information) shows that
stronger mixing from k-points away from I (i, a smaller I’
component, with sizable contributions from the L and X points
in the Brillouin zone), corresponding to a larger spread of the
wave function in k-space, results in stronger electron confine-
ment in real space. This is the case for InSb and InP, where, in
the former, the larger mixing found in the SNC CBM wave
function leads to more strongly confined electrons in spheres,
whereas the opposite is true for InP (the larger mixing is
exhibited by the TNC, leading to stronger electron confinement
there). In contrast, in CdTe, where the contribution from off-I"
points is negligible for both shapes, the electron confinement is
similar in both.

In the case of the VBM (Figure 3, insets), instead, the
difference between the confinement in the two shapes (with the
same volume) increases with increasing effective mass, from
CdSe (where the hole experiences a similar degree of
confinement in both tetrahedra and spheres) to InP (where
the hole confinement energy in the two nanostructures can differ
by over 0.5 eV). However, unlike in the case of the electron
discussed above, in the latter material, we find that the k-space
composition of the VBM is nearly the same in both shapes, and
cannot, therefore, explain such a large difference in confinement.
We attribute its origin, instead, to the combination of geometry,
orientation, and specific composition of the surface in the two
types of nanostructures: the uniform cation-terminated faces,
which confer superior stability to tetrahedral NCs,'® lead to a
weaker hole confinement, compared to the cation-rich faceting
in spherical structures. Indeed, as can clearly be seen from Figure
1, in tetrahedral NCs, each face is composed entirely of cations,
whereas due to the nature of its faceting, the surface of spherical
NCs exhibits a variety of facet sizes and orientations and mixed
composition, even in the case of a nominally cation-rich surface.
A consequence of the latter combination is a more effective hole
confinement. We find that the deconfinement effect resulting
from the large area, single-orientation, single-atomic-composi-
tion of the faces, peculiar to TNCs, increases with increasing
hole effective mass. It follows that In-based materials are more
affected than Cd-based ones and InP NCs more than other In-
based ones, in agreement with recent ﬁndings,24 where the
optical properties of spherical NCs made of this material were
found to be profoundly influenced by their surface composition,
and where In-terminated surfaces were associated with large
hole deconfinement effects. Interestingly, we find that, if the
stoichiometry was reversed in the InP structures with a similar
number of atoms considered above, (we note that this is a purely
academic exercise, as, due to their growth process, tetrahedral
NCs can currently be synthesized only with cation-terminated
surfaces'”'®), the hole confinement would be stronger in P-
terminated tetrahedral NCs than in spherical NCs with P-rich
surfaces, whereas the opposite would be true for the electron,
which would experience a stronger confinement in spheres with
P-rich surfaces. Figure S3 (Supporting Information) shows the
energy difference AE,,,. between the calculated CBM or VBM
energies in the two shapes (with similar volume) as a function of
the material for structures with both cation- (cat, squares) and
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1.497 (toluene) for the NC environment.

anion- (an, diamonds) terminated surfaces.** AEgpe = Eqphere —
Etetrahedron for the CBM and AEshalpe = Etetrahedron - Esphere for the
VBM, so that, for both band edges, positive [negative] values of
AEg,,. correspond to a stronger confinement in spherical
[tetrahedral] NCs (yellow [orange] region in Figure S3,
Supporting Information). We see that, for all materials, in
cation-terminated structures, the hole (empty squares) is always
more strongly confined in spherical NCs, whereas the opposite is
true in anion-terminated NCs, where the hole (empty
diamonds) experiences a stronger confinement in tetrahedral
NCs in nearly all cases (in InSb and CdTe, the VBM position is
very similar in spheres and tetrahedra).

In Figure S4 (Supporting Information) we show, instead, the
energy difference AE,,,, between the electron (CBM) [hole
(VBM)] band edge positions calculated, in the same structure
(spheres, circles; tetrahedra, triangles), for different surface
terminations, as a function of material. Here, AE, ..., = E . tion —
E, ion for the CBM, and AE,..,, = E,ion — Ecation for the VBM, so
that, for both band edges, positive [negative] values of AE,,,
correspond to a stronger confinement in cation-terminated
[anion-terminated] NCs (yellow [orange] region in Figure $4,
Supporting Information). We see that the VBM (empty symbols
in Figure S4, Supporting Information) is always (i.e. in all
materials and shapes considered) more strongly confined in
structures with anion-terminated surfaces*” (orange region in
Figure S4, Supporting Information), whereas, in general, the
opposite is true for the CBM (solid symbols in Figure S4,
Supporting Information). Exceptions to this trend are found in
Cd-based materials, where the CBM of tetrahedral NCs is more
confined in anion-terminated structures. Furthermore, we find
that in spherical NCs made of these materials, the confinement
strength exhibited by both band edges is nearly independent of
their surface composition.

We also find that the stoichiometry reversal, if possible to
achieve experimentally, would be accompanied by a radical
change in the k-space composition of both band edges in In-
based tetrahedral NCs, where the I' character of the CBM would
decrease considerably in anion-terminated tetrahedra, accom-
panied by a large increase in the L component. Conversely, the I'
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character of the VBM would be greater in anion-terminated
tetrahedra than in cation-terminated ones, where the L
component is more substantial. This may indicate that also
the k-space composition of the CBM shown in Figure S2
(Supporting Information), that was suggested as the origin of
the different degrees of localization in spherical and tetrahedral
NCs exhibited in Figure 3, could be, in turn, a consequence of
the surface termination. In contrast to this behavior,
stoichiometry inversion has instead a much smaller effect (of
the order of a few percent) on the k-space composition of
spherical NCs (except for the case of InP, as previously found**)
and of Cd-based tetrahedral NCs, which is however sufficient to
cause the CBM localization in the latter for anion-terminated
structures (Figure S3, Supporting Information).

Unfortunately, none of these effects can be captured by
continuum-like (i.e., nonatomistic) approaches, such as the
effective mass approximation’” and the more sophisticated kp
method,*” which are unable to differentiate between NCs with
different stoichiometries or surface compositions.

Returning to the analysis of the properties of tetrahedral and
spherical NCs with the same volume (Figures 2 and 3), however,
we believe a more relevant comparison to be that between NCs
with the same confining size (Figure 2, main panels), by which
term we refer to the shortest dimension of the nanostructure
(i.e., the diameter d and the height h = \/m L, for the spherical
and tetrahedral NCs, respectively). In terms of this parameter,
Figure 2 shows confinement to be stronger in tetrahedra than in
spheres for Cd-based NCs, whereas the opposite is true for In-
based structures, again with a difference increasing from InAs, to
InSb and to InP. The difference between the single-particle gaps
of spheres and tetrahedra also exhibits a dependence on size in
all materials: it increases with size for CdSe and InP, whereas it
decreases with increasing size for all of the other materials. In
other words, a tetrahedron and a sphere which exhibit very close
E,? values also have nearly the same size if they are small Cd-
based or large InAs NCs. In other materials, or for different sizes,
their size may differ by as much as 2 nm (or even more if they are
large and made of InP). This means that the shape of the NC
may provide an additional degree of freedom to tailor its
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InP

Figure S. Top view of the charge density of the lowermost conduction (el, CBM, red) and two uppermost valence band (h1 and h2, VBM, green)
states, calculated for tetrahedral NCs with L ~ 3 nm made of different II—-VI and III—V materials, superimposed onto the NC atomic structure. The

blue and cyan spheres represent anions and cations, respectively.

volume-dependent properties, without altering its emission
wavelength.

Among such properties are the (radiative and Auger)
recombination lifetimes. We find (Figure 4) that the tetrahedral
shape leads to a suppression of the radiative recombination,
compared to spherical NCs with the same single-particle gap,
whose magnitude depends on the specific material: it is smaller
for Cd-based NCs (the ratio between lifetimes 75 C/7x <
ranging from a factor of less than 1.3 for CdSe, to about 2 for
CdTe) than for In-based ones (2 < 75N¢/5NC < 3 for InAs—
except for the smallest dot—and InSb, and even larger for some
InP NCs), again increasing with the material’s hole effective
mass.

A more conventional plot of the radiative recombination
times as a function of size for both tetrahedral and spherical NCs
is presented in Figure SS (Supporting Information), where, to
substantiate the accuracy of our calculations, we also include
experimental data relative to spherical NCs.”*~>" All calculations
are performed assuming a refractive index of 1.497 (toluene) for
the NC environment to simulate NCs in solution.

In the case of InP, we find, in line with recent ﬁndings,24 a
strong dependence of the radiative times on the surface
termination, leading to differences of up to 3 orders of
magnitude between the exciton lifetimes calculated for spherical
NCs with P- (patterned blue circles in Figure SS, Supporting
Information) and In-rich surfaces (solid blue circles in Figure SS,
Supporting Information). This is not the case for the other In-
based NCs, where we found the radiative times of anion- and
cation-rich surfaces to be of the same order of magnitude, with
their difference decreasing with increasing radius.

To shed light on the origin of the trends exhibited by the
radiative lifetimes, we display, in Figure 5, the band edges’ charge
distributions calculated for TNCs with L ~ 3 (Figure S6,
Supporting Information, presents the same quantities for the
corresponding spherical NCs with similar single-particle gaps).
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We find clear material-dependent differences: in CdSe, el, the
CBM, is nearly spherically symmetric, localizes in the
tetrahedron core, and spills out onto the four facets’ centers
(evidenced, in Figure S, by the red color covering the spheres
representing the Cd and Se atoms), avoiding edges and corners;
in CdTe, el looks very similar to CdSe, extending slightly more
into the corners. These surprising results clearly indicate that the
NC shape does not necessarily determine the symmetry of the
electron wave functions, which may depend, instead, more
critically on the NC composition.

The CBM’s wave function spatial distribution in In-based
TNCs is, instead, completely different: it has tetrahedral
symmetry, and its localization depends on the specific anion,
decreasing with the electron effective mass. The strong
confinement to the NC core exhibited in InP becomes more
relaxed in InAs and InSb, where el tends to occupy the whole
NC volume. Similarly, the VBM charge density is localized
prevalently in the NC interior and on one of the facets in Cd-
based TNCs, whereas it is more on the edges (especially in InP),
avoiding the corners (except in InSb), in In-based TNCs. The
spatial charge distribution in spherical NCs exhibits a similar
material dependence to that in TNCs (see Figure S6, Supporting
Information). The behavior exhibited by the band edges in InP
agrees with recent ﬁnclings,24 where, in spherical NCs, the
presence of cation-rich surfaces was shown to lead to CBM wave
functions well confined within the nanostructure core and to
VBM charge densities more localized on the surface, with little
density in the NC center. As a consequence, InP NCs of both
shapes exhibit the smallest overlap between the band edge wave
functions, as the CBM and VBM are localized in different spatial
regions of the NC, hence they also display the longest radiative
lifetimes. The comparison of the latter with experimentally
measured exciton times of the order of tens of nanoseconds*’ ™"
(empty circles in Figure SS, Supporting Information) may
therefore seem problematic. It needs to be noted, however, that
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experimental samples have a ZnX (X = Se, S) shell surrounding
the InP core, whose growth crucially leads to a redshift of the
excitonic energy. This shift was interpreted*’ as originating from
a “spreading of the exciton wave functions into the shell”. Based
on the band ed§e alignments at the core/shell interface, it was
then suggested ~ that in these heterostructures, “the electron
may be less confined to the InP core”.'” This situation may
indeed be similar to that simulated in our calculations for anion-
terminated NCs (patterned blue circles, Figure SS, Supporting
Information), where the electron wave function, although still
confined to the core, exhibits some additional surface local-
ization®* (compared to cation-terminated InP NCs). In
contrast, the hole is more confined to the core, leading to a
larger overlap between their respective wave functions than in
the case of cation-terminated NCs, resulting in a larger radiative
rate, in good agreement with experiment.‘“ -t

However, in general, it is difficult to rationalize the behavior of
the calculated lifetimes, based uniquely on the graphical
representation of the band edge wave functions. The gradual
increase in the radiative times from CdSe to CdTe, to InAs, and
finally to InSb can be explained in terms of the increase of the
materials’ dielectric constants and the concomitant decrease of
their band gaps (see eq 3, Theoretical Method section) that
would predict the 2 orders of magnitude difference between the
radiative lifetimes in CdSe and InSb TNCs found here, assuming
similar dipole matrix elements in both materials. The difference
between tetrahedral and spherical structures is more complex to
explain, considering that they are both made of the same
material and that their single-particle gaps are similar. We find
that, in general, the dipole matrix elements between the band
edges are larger in spherical nanostructures than in tetrahedral
nanostructures, leading to shorter radiative lifetimes in the
former.

The opposite trend is found for the Auger recombination
times (Figure 6), which we found to be slightly longer (although
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Figure 6. Auger recombination times as a function of single-particle
gap, calculated for selected tetrahedral (4 facets, triangles) and
nominally spherical but actually truncated octahedral (14 facets,
circles) NCs of different II-VI and I1I—V materials. The error bars
account for the effect of a size distribution of +5% in the sample.

very similar, apart from InP nanostructures) in nominally
spherical (but actually truncated octahedral) dots than in TNCs
with nearly identical single-particle gaps. In InAs dots, a
reduction in the number of facets from 14 (truncated
octahedron) to 4 (tetrahedron) leads to an increase of AR
rates by a factor of 2.26. This result is consistent with the
behavior observed in CsPbBr; NCs,** where a similar increase in
AR rates was associated with a 4.3-fold reduction in the number
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of NC facets. The fact that not in all cases displayed in Figure 6,
the volume of the spherical NC is larger (albeit slightly) than
that of the tetrahedral dot (for CdSe, the opposite is true; see
Figure 2, insets), rules out the possibility that a volume scaling
may be responsible for the difference in AR times. It is also
interesting to note that the confinement, expressed in terms of
the single-particle energy gap, is slightly stronger in the spherical
NC in two (InAs and CdSe) out of five structures in Figure 6,
seemingly ruling out a confinement-induced AR enhancement
in TNCs. This conclusion, however, would be correct only if to
larger values of Ef (which provide a measure of exciton
confinement) also corresponded stronger confinement for both
electrons and holes individually. Indeed, longer AR times were
shown®” to correlate with weaker electron confinement energies
alone. We discussed earlier (Figure 3) that in structures with the
same volume, the geometry that confines the electron more
strongly depends on the specific material.

However, when we consider nanostructures with similar
emission energies, we find (Figure 7) a strong correlation between
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Figure 7. Difference in the calculated AR times of spherical and TNCs
shown in Figure 6, Az, = 74" C — 74p <, (right y axis and green solid
squares, where a positive value indicates a faster AR in TNCs) and the
difference in the position of the CBM in the two structures, AE,,, =
Epm ™€ — E SN (left y axis and solid black squares, where a positive
value indicates a stronger confinement in TNCs), as a function of the

single-particle energy gap.

the electron confinement energy (expressed in Figure 7 as the
difference in the position of the CBM in the two structures,
AE,,, = EINC — ESNC, where a positive value indicates a stronger
confinement in TNCs) and the speed of AR (expressed in Figure
7 as the difference in the respective AR times, Aty = Ty —
TanC, where a positive value indicates a faster AR in TNCs),
showing that the origin of the faster Auger recombination we
find in TNCs is indeed the stronger confinement experienced by
the electron in these nanostructures.

Finally, in Figure 8, we present the calibration curves (i.e., the
plots of the first exciton peak position vs size) for TNCs made of
CdSe, CdTe, InP, InAs, and InSb, with side lengths ranging from
L ~ 2 to L ~ 8 nm, including experimental data,'#16:1719:53
where available, for comparison and validation. Our theoretical
predictions (solid triangles) are in excellent agreement with
experiment (empty triangles) for all materials where measure-
ments are available, confirming the accuracy of our calculations.
In the case of InP TNCs, however, we note that the size of dots
with a specific exciton peak position may vary by over 3 nm,
when measured by different §1'oups.16’17’19

Interestingly, it was found"~ that different choices of capping
groups led to up to ~71 meV (~22 nm) shifts in the first
absorption peak position in InP TNCs. In these materials, the
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Figure 8. Absorption energy vs side length L [where the energy is expressed both in electron volts—main panels—and in nanometers (insets)]

calculated for tetrahedral NCs of different II—VI and III—-V materials. Available experimental data

14,16,17,19,53 . .
o are also displayed for comparison. In the

case of InP, the two sets of experimental data by Crisp et al.'® refer to TNCs in a film (light green empty triangles) and in solution (dark green empty
triangles). Reproduced from Chem. Mater. 2022, 34, 8306—8315. Copyright 2022, American Chemical Society. Reproduced from Angew. Chem. Int.
Ed. 2016, 55, 3714—3718. Copyright 2016, Wiley-VCH. Reproduced from ACS Appl. Energy Mater. 2018, 1, 6569—6576. Copyright 2018, American
Chemical Society. Reproduced from Chem. Mater. 2016, 28, 6797—6802. Copyright 2016, American Chemical Society.

same peak also exhibited redshifts of up to 186 meV (40 nm)
when the NCs were transferred from the solution phase to a film.
Given this high sensitivity exhibited by InP TNCs to the
preparation conditions, therefore, the discrepancies between
experimental measurements evidenced in Figure 8 may be due
to different NC synthesis protocols and sample conditions.

B CONCLUSIONS

We provided a comprehensive theoretical characterization of
tetrahedral NCs made of technologically relevant Cd-based and
In-based materials, including much needed calibration curves,
band edge positions, and the size dependence of radiative
recombination times, for side lengths ranging from ~3 to over 8
nm, corresponding to structures containing from about 300 to
over 3300 atoms. Our results showed excellent agreement with
the available experimental data. Side-by-side comparison was
also presented with the properties of nominally spherical NCs
made of the same materials, as a function of both volume and
confinement size, highlighting differences and similarities
between the two types of structures, which were analyzed and
discussed in terms of shape, degree of confinement, and number
of facets. We showed that simple single-band, effective-mass
calculations are unsuitable to predict the correct confinement
hierarchy in NCs with different shapes and the same volume. In
this respect, we found that the optical properties of Cd-based
tetrahedral and spherical dots with similar volumes are similar
whereas those of In-based ones are not. A nontrivial interplay
between geometry and composition of the surfaces in the two
shapes, leading to different degrees of electron and hole
confinement and of k-space composition of their wave functions,
was suggested as the possible origin of such differences. We also
found a material dependence in the band edges’ charge densities
localization, indicating that the symmetry of the confined
electron wave function is not necessarily determined by the NC
shape.
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Our results provide compelling evidence for the need of
accurate, bespoke calibration curves for TNCs, showing that,
depending on their composition, a tetrahedron and a sphere that
exhibit very close PL energies may differ in size by over 2 nm.
This property can be exploited to tailor the volume-dependent
properties of a nanostructure by shape engineering without
altering its emission wavelength. In this respect, we found that
both radiative and Auger recombination processes can be
enhanced or suppressed, depending on the specific choice of NC
shape. In general, our results show that spherical dots exhibit
faster radiative and slower Auger recombination times,
compared with TNC emitting at similar energies, making
them a better choice for applications in lasers and light-emitting
devices, whereas TNCs, with their higher mobilities and longer
lifetimes, would be better suited for applications requiring fast
carrier transport, such as in field-effect transistors and
photovoltaic devices.

Comparing structures with similar confinement sizes (i.e., d
for spheres and h = \/m L for tetrahedra), Cd-based TNCs
emit at higher (albeit slightly) energies than their spherical
counterparts. The opposite is true in In-based nanostructures,
where the PL of a spherical NC can be up to 0.5 eV higher in
energy than that of a TNC with h & d. Furthermore, our results
were broadly consistent with recent observations of an increase
in AR rates with a reduction in the number of facets reported for
CsPbBr; NCs. Our analysis, however, ruled out the volume
scaling effect suggested in that case, as the origin of this behavior
in TNCs, in favor of a confinement-induced AR enhancement,
which correlates with the reduction of the number of facets. If
supported by further experimental evidence, this result could
open the way to AR engineering via facet design.
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