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Abstract

One of the most challenging aspects of semiconductor nanotechnology is the pres-
ence of extremely efficient non-radiative decay pathways (known as Auger processes)
that hinder any attempt at creating population inversion and obtaining gain in nanocrys-
tals. What is even more frustrating is that, in most cases, the strategies adopted to
slow down Auger in these nanostructures also lead to a comparable increase in the
radiative recombination times, so that there is no overall improvement from the point
of view of their applicability as emissive media. Here we present a comprehensive
theoretical characterisation of CdTe tetrapods and show that in these versatile nanos-
tructures it is possible to achieve a complete decoupling between radiative and Auger
processes, where the latter can be strongly suppressed compared to spherical struc-
tures, by careful shape engineering, without affecting the efficiency of radiative re-

combination.
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Semiconductor nanocrystals (NCs) have attracted widespread attention as light-emitting
materials and have been utilized in fluorescent bio-labelling,1 LEDs? and lasers,? thanks
to their peculiar size-dependent optical and electronic properties.*® Indeed, their emis-
sion can span the whole visible spectrum”?® achieving nearly unitary photoluminescence
quantum yields.” Ironically, the same properties that make these systems attractive for
lighting applications are also responsible for the efficiency of the non-radiative recombi-
nation mechanisms that plague them, which is commonly attributed to the suppression
of momentum conservation and the enhancement of Coulomb interaction occurring in
strongly confined systems.!? In particular, in the presence of high doping concentrations
or high excitation powers, Auger recombination (AR) effectively competes with radiative
recombination, leading, among other effects, to fluorescence intermittency, ! and limiting
optical gain.? In this non-radiative process, the energy produced from the recombination
of an electron-hole pair is transferred to a third carrier, either the electron or the hole,
promoting it to an excited state. Another related process, Auger cooling (AC), is respon-
sible for the extremely efficient electron thermalization observed in NCs, which occurs
via an electron-hole scattering mechanism, where a hot electron relaxes to the ground
state by transferring its excess energy to a hole in its ground state and exciting it to a
deeper state, proving detrimental for applications in intraband infrared photodetection

and hot-electron solar cells. 12714

Therefore, devising effective strategies to overcome such extremely efficient non-radiative

processes, enabling the creation of population inversion and the attainment of the theo-
retically achievable optical gain in nanocrystals, is one of the priorities that has occupied
the NC synthesis community for long time.

As the Auger rates depend on the coupling integral, that contains both initial and final
states, i.e., the wave functions of both electron and hole, the approach most commonly

used is based on the reduction of their overlap in real space.



This can be achieved through structure modification: (i) elongation - the synthesis of
nanorods with large aspect ratios of length over radius has been shown to promote spatial
separation of electron and hole wave functions, leading to a reduction in AR rates; ! (ii)
asymmetrical heterostructuring - dot-in-a-rod (dot@rod) structures, where the the spher-
ical quantum dot is embedded in a rod-shaped shell made of a different material and is
generally located close to one of the rod’s extremities, achieve a localization of the hole
in the core whereas the electron is delocalized throughout the rod, leading to a reduc-
tion in the AR rates;!° (iii) symmetrical heterostructuring - the growth of a shell of a dif-
ferent semiconductor material, with a specific electronic structure, around the spherical
nanocrystal core, can lead to a type II (or quasi type II) band alignment at the heteroin-
terface, resulting in complete (or partial) spatial segregation of electron and hole, each
confined to a different material,'”!® markedly suppressing Auger processes.'*? How-
ever, the synthesis methods for some of these structures are complex (as it is the case for
successive ion layer adsorption and reaction - SILAR), inevitably increasing both growth

time and energy consumption 821

and consequently the processing cost.

In contrast to structure and size engineering, the modification of the conduction band
states” wave function composition in reciprocal space, which leads to a decreased overlap
with the holes” wave function in k-space, is another approach recently proposed to sup-
press Auger processes.??> Unfortunately all of these methods, by reducing el-h overlap,
also lead to an undesired suppression of radiative recombination,?® making these systems
well suited for solar energy harvesting applications (such as PV or photocatalysis), but
not for applications as light emitters (LEDs and lasers). The close link existing between
AR and radiative recombination (RR) is exemplified by the peculiar scaling Tag o V1rr
(where V is the NC volume), observed in CdTe/CdSe core/shell NCs. 19

Devising strategies to suppress Auger processes, while retaining, at the same time, the

high radiative rates and PL quantum yields that characterise these systems, is therefore

crucial for the effective exploitation of their full potential as emissive media. Here we



show that this is indeed possible and can be achieved by structure manipulation, and,
in particular, by combining elongation (i) with symmetrical growth (iii), in branched ho-
mostructures, also known as tetrapods (TPs).

Thanks to their easy fabrication and processability, and their versatile electronic and
optical properties, tetrapod-shaped nanocrystals have recently attracted large interest.242°
In this family, CdTe TPs are the simplest structures in terms of synthesis and size con-
trol.?* Their electronic structure, charge dynamics,? optical,?® mechanical and electri-
cal? properties have been investigated both experimentally and theoretically however,
to the best of our knowledge, Auger processes have not been explicitly considered nor
systematically studied.

In this paper we present a theoretical characterisation, based on the atomistic semiem-
pirical pseudopotential method®® (SEPM), of CdTe TPs covering a wide range of aspect
ratios 0.8 < p < 6.7 (including experimentally relevant ones®'~33), of arm length (L) over
arm diameter (D), for 1.75nm < L < 14 nm and 1.75 nm< D < 3.5 nm, containing from
about 1000 to over 6600 atoms. We recently used the same theoretical framework to de-
sign heterostructured, core/arms TPs for selective CO, reduction to CHy.?* In that work
the main aims were to achieve (i) charge separation between core and arms (to ensure
that the photogenerated electron and hole did not recombine before reaching the surface
and reacting with CO, and H,0O), and (ii) an accurate conduction band minimum posi-
tioning between the reduction potentials of CO, to CHy, and of HO to Hj (to guarantee
good selectivity). This was achieved using TPs with a CdTe core and CdSe arms, which
resulted, inter alia, in orders of magnitude decrease in the radiative recombination rate
with increasing arm length, as a consequence of the different localisation of the ground
state electron and hole (the latter being localised in the core and the former in the arms),
caused by the type Il band alignment at the CdTe/CdSe interface.

The question we will address here is, instead, whether AC and AR can be suppressed

efficiently without affecting radiative recombination, therefore achieving a complete de-



coupling between radiative and Auger processes.
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Figure 1: CdTe TP valence (squares) and conduction (circles) band edge energies, calcu-
lated, with respect to vacuum, as a function of: (mainframe) arm length L, for D = 2.1
nm; (inset) arm diameter Dy, assuming the core diameter Deore = Darm (red symbols,
bottom x axis) and core diameter Dcore (for Darm = 2.1 nm, blue symbols, upper x axis)
for L = 3.5 nm. The solid lines are a guide to the eye. The dotted lines in the inset mark
the position of CBM and VBM for D = 2.1 nm as a function of L from the mainframe, for
a direct comparison of the dependences from the different geometrical parameters. This
comparison highlights that the band edges position is most sensitive to the arm diameter
Darm, followed by core diameter Dore and is nearly independent on the arm length L.

The variation of the band edges with L (for a fixed D = 2.1 nm), Darm (assuming the
same core diameter and L = 3.5 nm), and Dgre (for a fixed arm diameter of 2.1 nm and
length of 3.5 nm) is presented in Fig. 1. We find that both CBM and VBM positions are
nearly unchanged (they shift, respectively, by 10 meV and 26 meV), for an almost one
order of magnitude increase in L, from 1.75 nm to 14 nm (Fig. 1, mainframe), whereas
they shift by hundreds of meV (305 meV and 144 meV, respectively), for a much smaller

increase (from ~ 2 nm to 3.5 nm) in the TP’s arm diameter D (Fig. 1 inset, red symbols).



A similar dependence on D and L was observed in elongated NCs (i.e., quantum rods,
QRs), where electronic structure and optical properties were found to be dictated primar-
ily by the arm’s diameter. 35 Unlike in QRs, however, here this property derives from the
peculiar localisation of the band edges” wave function occurring in TPs made of one ma-
terial: due to the band alignment at the interface between zinc-blende core and wurtzite

arms, 43¢ the CBM is localised in the TP’s core®” (whose size depends on D but not on L).
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Figure 2: Charge densities for the uppermost 5 valence (green, bottom panels) and low-
ermost 5 conduction (red, top panels) band states, calculated for CdTe TPs with D = 2.1
nm and L = 3.5 nm (two different views of the TP are presented). Also reported are
the corresponding energies, relative to vacuum. Blue and cyan dots represent Cd and Te
atoms.

This is clearly shown in Fig. 2 and Fig. 3, where we present the calculated electron
density distribution for conduction and valence states in TPs with D = 2.1 nm and, re-
spectively, L = 3.5 nm and L = 14 nm. We see that in both nanostructures the CBM (e;)

is highly localised in the core, whereas the doubly degenerate VBM (h1 ) also extends to

7



the arms, as was found to be the case in CdSe TPs.?” Deeper VB states’ wave functions
present, alternately, a node (i.e., zero amplitude) or a peak in the core region. The excited
CB states” wave functions exhibit the same behaviour in short-armed TPs (Fig. 2), but not
in long-armed TPs (Fig. 3), where they always have a node in the core. Their symmetry is

o-like, as in a QR,3® with zero (e;-e5), one (eg-e9), two (e1p), . . ., n nodes along each arm.

Figure 3: Charge densities (red) for the uppermost 10 valence (bottom 2 panels) and low-
ermost 10 conduction (top 2 panels) band states, with D = 2.1 nm and L = 14 nm. Also
reported are the corresponding energies, relative to vacuum. Blue and cyan dots repre-
sent Cd and Te atoms.

As a consequence, the band edges position, hence the TP’s band gap, is most sensitive
to the arm diameter D,y (Fig. 1 inset, red symbols), and the core diameter Dore (Fig. 1
inset, blue symbols), and is nearly independent of the arm length L (Fig. 1 mainframe), in

agreement with experimental observation.?
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Figure 4: Absorption spectra calculated for TPs with D = 2.1 nm and different values of
the arm length L.

The latter property is reflected in the optical absorption spectra calculated for TPs with
D =21nmand 1.75nm < L < 14 nm (Fig.4), where the position of the absorption edge,
corresponding to the transition between the band edges, is independent of the arm length,
as observed experimentally.?43¢

Similarly, we find that the radiative lifetime is also independent of L, as shown in
Fig. 5 (mainframe), but sensitive to D (Fig. 5 inset), where it increases by a factor of 4 for
an increase in diameter from about 2 nm to 3.5 nm. In summary, our results show that the
electronic structure and optical properties associated to the band edges are insensitive to the
TP’s arm length, for a wide range of aspect ratios.

The question we want to address now is whether this insensitivity also applies to
properties connected to excited states, and mechanisms relevant for light-emission appli-

cations, such as the electron intra-band relaxation or the biexciton recombination, which,

in these systems, are mediated by Auger processes.
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Figure 5: Radiative recombination lifetimes calculated, at room temperature, as a function
of arm diameter (inset, red symbols) for L = 3.5 nm, and as a function of arm length
(mainframe, black symbols) for D = 2.1 nm. The lines are a guide to the eye.

The AC lifetimes tac calculated for TPs with D = 2.1 nm and L = 3.5, 7 and 14
nm are presented in Fig. 6, together with that of a spherical nanocrystal with a similar
absorption edge (R = 1.7 nm) as a reference. The lifetime is shown here as a function
of AE (the variation in the electron transition energy around the energy calculated for
the ideal tetrapod - corresponding to AE = 0), to account for possible energy dephasing
effects due to ensemble effects (size distribution or shape anisotropy) and the influence
of electric fields or charges in the environment. Toc increases by ~ 2 orders of magnitude
for an increase in L of a factor of 4, from 3.5 to 14 nm, and by about 3 orders of magnitude
with respect to a spherical NC. In contrast with the behaviour observed in spherical NCs,
where T5c was found to depend linearly on the NC radius,?® we find that, in TPs, the
best fit to a power law yields a cubic dependence on L (tTac = ApL3, with Ay = 3.4 x
1073, black dashed line in Fig. Sla, Supporting Information), whereas the best overall fit
yields tac = Boexp (0.4L) (By = 4.6 x 1072, green dashed line in Fig. Sla, Supporting
Information). Similar dependences are also found on the volume (expressed as the total

number of atoms, N,),%0 i.e,, Tac = CoN>3 and tac = Dgexp (N,/1000) (with Cy =

10



1.8 x 10712 and Dy = 2.7 x 1072, black and green dashed lines in Fig. S1b, Supporting
Information), showing that, despite following a L scaling, Toc does not depend linearly

on the TP volume.
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Figure 6: AC relaxation times in TPs with D = 2.1 nm and L=3.5 (red curve), 7 nm (green
curve), and 14 nm (blue curve), as a function of AE (see main text). The black curve
indicates the AC relaxation time calculated for a CdTe quantum dot with R = 1.7 nm for
reference.

An approximately linear dependence on the volume has been observed for the AR life-
times in spherical NCs made of CdSe, %142 PbSe, 3 Ge,* HgTe,45 InAs,* and FAPbBr3. 4647
Interestingly, however, CdTe NCs have been reported to follow a V* scaling®® with a =
1.5 - 2.3, depending on the surface capping. For our calculated AR lifetimes, shown in
Fig.7, we find Taor = G4 N (withC; =32 x 107 %) to provide the best fit (see blue dashed
line Fig. S2, Supporting Information), in agreement with the dependence on volume ob-
served in spherical CdTe NCs. Furthermore the AR lifetime we calculate for a CdTe NC
with D = 3.4 nm (red square in Fig. 7 and Fig. S2, Supporting Information) is in excellent
agreement with the values experimentally measured for NCs with similar sizes*® (ma-

genta circle in Fig. 54, Supporting Information). In terms of dependence on L, we find
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a nearly one order of magnitude increase in the AR lifetimes, when L increases from 3.5
nm to 14 nm (while, at the same time, both band gap - Fig. 4 - and radiative lifetime -
Fig. 5 - remain constant), for an overall Togr o L2 scaling (black dashed line in Fig. 7). As
it was the case for 7o, we find that an exponential function (tar = Bj exp (0.2L) with
By = 28.3, green dashed line in Fig. 7) fits the data well too.

These results clearly show a complete decoupling between band edge optical proper-
ties, that determine band gap radiative lifetimes and PL quantum yields, and excited-state
relaxation mechanisms that characterise the efficiency of the Auger processes. The origin
of this separation lies in the spatial localisation of the electronic states involved in the two
groups of transitions: as discussed above, CBM and VBM are localised primarily in the
TP’s core?” (whose size is independent of L), whereas the excited states are mostly lo-
calised in the TP’s arms, with a charge density that decreases with increasing arm length.
This guarantees that the wave function overlap is large between the band edges, for any
value of L, but becomes increasingly weak between band edge states and excited states,
when L increases. A link between AR suppression and a reduction in the effective car-
rier density, which is inversely proportional to the NC volume, was indeed suggested by
Htoon et al.,*® to explain the increase in AR lifetimes they observed in QRs, compared to
spherical NCs.

Our results are instead at odds with the hypothesis that slow AR is connected with

decreased electron confinement,*’

as, despite exhibiting a nearly constant CBM energy
(indication of a similar degree of electron confinement, which, as observed experimen-
tally and discussed above, is determined by the arm diameter), TPs with same D and
increasing L display increased AR lifetimes.

So far we have considered perfectly symmetric structures, where all four arms are
equal in diameter and length. Before we conclude, we would like to briefly discuss the

effect on our results of the presence of the following structural modifications, that may

realistically occur in experimental samples: (i) asymmetry in arm length L or diameter D,
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Figure 7: Auger recombination lifetimes calculated, as a function of arm length, for TPs
with D = 2.1 nm (black symbols). The red symbol represents the AR lifetime calculated
for a CdTe quantum dot with R = 1.7 nm for reference.

(ii) arm tapering, and (iii) crystal disorder. (i) Experimentally synthesized CdTe tetrapods
have been reported?* to have four arms that are equal to within a few percent. According
to our calculations, a variation in D or L of up to 10% in one of the arms would not affect
appreciably any of the decay times presented here, nor our conclusions. (ii) Substantial
tapering is observed in TPs with CdSe arms,? but not in CdTe TPs.?* According to atom-
istic SEPM calculations by Li and Wang,* in case of asymmetric elongated shapes, where
one end is wider than the other, (the situation found in TP arm tapering), the hole wave
function would avoid the narrow region of the structure, as would that of the CBM, but
not those of higher energy electronic states, which would, however, still retain some lo-
calisation in the wider region of the structure. Arm tapering would, therefore, not affect
band edge recombination, but may lead to a partial reduction of AC rates in short armed
TPs, due to the reduced wave function overlap between initial and final states. The ex-
tent of such a reduction, however, should decrease with increasing arm length L, as the
electron wave function moves away from the core (see 3), leaving our conclusions largely

unaffected. (iii) More problematic, from the point of view of its impact on our results,
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could be the possible presence, in experimental samples of tetrapods with CdTe arms, of
structural disorder caused by the co-existence of both sphalerite and wurtzite domains.
Due to the different position of the band edges in zinc-blende and wurtzite, the presence
of such mixed phases would create local shallow potential wells that could trap the elec-
tron. This would not affect band gap radiative recombination (as both states involved
reside in the TP core). Similarly, the presence of such defects should not affect AR rates
either, as the states involved in this process are either CBM and VBM (localised in the TP
core) or highly excited states, whose energy (about E; above/below CBM/VBM) is much
larger than the band edges” discontinuity.

We have presented a comprehensive theoretical characterisation of colloidal CdTe TPs
with arm diameters D ranging from 1.9 nm to 2.8 nm, and arm lengths L from 1.75 nm to
14 nm, containing from about 1000 to over 6000 atoms. We have investigated the depen-
dence on both these parameters of the electronic structure, the optical spectra and the ra-
diative recombination times. We found these nanostructures to have diameter-dependent
and L-independent band edge energies, absorption onset and radiative lifetime. In con-
trast, Auger processes exhibit a marked dependence on the TP’s arm length, as a conse-
quence of the different spatial localisation of the excited states” wave functions compared
to the band edges charge densities. This provides the ability to tune the TP’s emission in
the visible region of the electromagnetic spectrum, by selecting the appropriate arm diam-
eter, while suppressing, at the same time, Auger cooling and recombination, by choosing
a suitable value for the arms’ length. In other words, these extremely versatile nanos-
tructures enable, by virtue of their shape alone, a complete decoupling of Auger and
radiative recombination. Furthermore, owing to their large volume, these systems also
have the added benefits of an increased absorption cross section (directly dependent on
the volume V), decreased thresholds for optical gain and for development of amplified
spontaneous emission (both inversely dependent on V),*? and reduced photoinduced ab-

sorption (also inversely dependent on V).°! All these features make CdTe TPs ideally
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suited for applications as efficient light-emitting media.

Theoretical Method

The TPs modelled in this work have a bulk-like crystal structure composed of a central
zinc blende tetrahedral core with four (111)-equivalent facets, from which four wurtzite
rod-like arms protrude.?* As the zinc blende and the wurtzite lattices match along these
directions, there is no discontinuity in the crystal structure at the interface. We recreate
ideal conditions for a simulated seeded growth at each core/arm interface by checking the
composition of the atomic layer at the core surface and proceeding with the correct layer
stacking in the arm. This prevents the formation of stacking faults or other interfacial
defects in our structures. We consider perfectly symmetric structures where all four arms
have equal diameters D and lengths L. This condition is indeed realised in experimen-
tally synthesized CdTe TPs, where the four arms are equal to within a few percent.?* The
unsaturated bonds at the TP surface are passivated by pseudo-hydrogenic, short-range
potentials with Gaussian form.”? This procedure ensures an ideal passivation, allowing
us to focus on the intrinsic properties of these nanostructures. The single-particle energies
and wave functions are obtained by solving the Schrédinger equation using the plane-
wave semiempirical pseudopotential method described in Ref. [ 30], including spin-orbit
coupling, and excitonic effects are accounted for via a configuration interaction scheme.

Auger cooling and recombination times are calculated according to the procedure
used previously in CdTe/CdSe TPs,>* where a size- and position-dependent dielectric
constant ¢;,, = €(R),53 was assumed within the TP (and €.yt = 1, was assumed for
its environment), instead of the conventional regional screening with €, = €py and
€out = Esolvent, developed in 22,54. We compared the results of the two approaches in a
CdTe spherical nanocrystal with R = 1.7 nm and found that the calculated lifetimes agree

for eout = 2.5 — 6 (see Fig. S3 and Fig. 54, Supporting Information), which includes the
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dielectric constants of the most commonly used solvents and capping groups.

Supporting Information Available

AC times as a function of arm length and TP volume; AR times as a function of TP vol-
ume; Auger Cooling and Recombination: comparison of the lifetimes calculated using

two different approaches for the screening.
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