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ABSTRACT: We design quasi-type-II CdSe/CdS core—shell colloidal quantum dots
(CQDs) exhibiting a suppressed Auger recombination rate. We do so using fully
atomistic tight-binding wave functions and microscopic Coulomb interactions. The
recombination rate as a function of the core and shell size and shape is tested against
experiments. Because of a higher density of deep hole states and stronger hole
confinement, Auger recombination is found to be up to six times faster for positive
trions compared to negative ones in 4 nm core/10 nm shell CQDs. Soft-confinement at
the interface results in weak suppression of Auger recombination compared to same-
bandgap sharp-interface CQDs. We find that the suppression is due to increased volume
of the core resulting in delocalization of the wave functions, rather than due to soft-
confinement itself. We show that our results are consistent with previous effective mass
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models with the same system parameters. Increasing the dot volume remains the most efficient way to suppress Auger
recombination. We predict that a 4-fold suppression of Auger recombination can be achieved in 10 nm CQDs by increasing the
core volume by using rodlike cores embedded in thick shells.

KEYWORDS: Auger recombination, atomistic simulations, core—shell quantum dots, interface grading, tight-binding, CdSe/CdS

S emiconductor CQDs have been a focus of intense research
in the past two decades for applications ranging from
biological fluorescence tagging"” and photovoltaics® ™ to light-
emitting diodes®™® and lasers.”'’ Among many interesting
properties of CQDs are solution processability, size-tunable
bandgap, and high-photoluminescence quantum yield
(PLQY)."

While these properties of CQDs have resulted in major
advances in CQD-based devices, it remains important to reduce
the unwanted nonradiative losses in CQDs.>'*"

Auger recombination is a major nonradiative loss in CQDs
under high excitation intensity, where a photoexcited electron—
hole pair transfers its energy nonradiatively to another carrier.'*
In contrast to bulk semiconductors, where Auger recombina-
tion is inefficient, the process is significantly enhanced in CQDs
due to relaxation of the momentum conservation requirement
and increased Coulomb interactions.'”'>™* Auger recombina-
tion is believed to be the cause of reduced PLQY at high pump
intensities,”’ low external quantum efficiency of light-emitting
diodes under high bias,® loss of energy in the form of heat,® and
fluorescence intermittency (blinking) often observed in
CQDs. 2

Grading, that is, a smooth core—shell interface, has been
explored as a means to mitigate Auger recombination. Using
the effective mass approximation (EMA), Cragg and Efros™*
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found more than a 3 orders of magnitude reduction in the
Auger recombination rate in graded-interface CQDs. In
experiments, the effect of grading was less conclusive with
findings varying from study to study.”> > Other approaches
such as thick shell type-II/quasi-type-II core—shell CQDs*"~**
have also been proposed to suppress Auger recombination;
however, a clear design of CQDs with substantial elimination of
Auger recombination losses has yet to emerge.”** The complex
dynamics of multiexcitons in CQDs make these phenomena
difficult to measure experimentally and model computation-
ally, 153435

In this Letter, we use atomistic tight-binding wave
functions®®®” to obtain realistic Coulomb matrix elements,
allowing us to determine paths to reducing Auger recombina-
tion in realistic-size CQDs with up to ~11 nm diameter. We
include ~22 000 atoms and ~100 000 atomic orbitals per CQD
state, capturing thereby the complexities of the conduction
band and especially the valence band. We study the effect of
shell thickness, interface softening (grading), core size, and
valence versus conduction band structure effects on the Auger
recombination rates in negatively charged (X~ trion), positively
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charged (X* trion), and biexciton (XX) in quasi-type-II CdSe/
CdS wurtzite core—shell CQDs (Figure la—c). We find that
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Figure 1. Auger recombination channels considered in this work. (a)
Negative trion (X~), (b) positive trion (X*), and (c) biexciton (XX).
The electron—hole recombination energy in biexciton can be
transferred to the second electron (four pathways) or to the second
hole (four pathways).

interface grading allows increase in the core volume without
affecting the bandgap. This in turn results in more delocalized
wave functions and thus weaker overlaps and reduced Auger
recombination rates. The latter is consistent with EMA
observations by Cragg and Efros”* but without the need to
invoke the role of interface softness in defining the high-
frequency components of the wave functions. Additionally, we
find that interface alloying disorder (not accessible in EMA)
enhances the Auger recombination rate, counteracting the
effect of increasing core volume. We further show that the
Auger recombination rate can be decreased 4-fold by changing
the core shape from spherical to ellipsoidal. To the best of our
knowledge, this is the first study that uses fully atomistic
simulations to investigate Auger recombination in realistic size
core—shell CQDs.

We consider three different types of Auger recombination
processes in this study, namely, negative trion (X~), positive
trion (X7), and biexcition (XX) (Figure la—c). We calculate
Auger recombination rate for trions by considering all
transitions from the lowest-energy initial spin-degenerate
single-particle configurations lij) to final spin-degenerate
configurations lkl) with either electron or hole excited, in the
lowest order in Coulomb interactions using the Fermi golden
rule®®

L= L = 3 i) S(E, + E - E, - E)
T T~ h

- W

where 7, is the Auger lifetime, 7 is the reduced Planck constant,
(klIV lij) is the Coulomb matrix element between single particle
electronic states i), Ij), Ik), II) with energies E, E, E, E, and
S5(E, + E — E - E)) &-function ensures the energy
conservation. The summation in eq 1 is over all deep electronic
states which satisfy energy conservation. For biexcitons, we
calculate the Auger recombination rate using the statistical
averaging as 7xy = 2(73} + 7}),”” where 7y, 7, and 7y are
Auger recombination lifetimes in biexciton, negative trion, and
positive trion. (For Auger rates between true correlated
biexcitonic and excitonic states and a full treatment of Coulomb
interactions, see ref 40.)

We approximated the delta function in eq 1 using a
Lorentzian of 30 meV width*' and obtained all deep single
particle states within 100 meV of the required energy level
explicitly by diagonalizing the tight-binding Hamiltonian,
calculated using QNANO, ? using the Lanczos algorithm as
implemented in the eigenvalue library FEAST.*’ In our model,
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single particle state calculations are carried out in the linear
combination of atomic orbitals basis and we parametrized our
tight-binding Hamiltonian using on-site orbital energies, spin—
orbit coupling constants, and hopping matrix elements
connecting orbitals of neighboring atoms.”* We considered
spin-degenerate sp;dss™* orbitals and fit our tight-binding
parameters to the bulk bandstructures of the core and shell
materials predicted using density functional theory. Further, we
included Coulomb interactions, unscreened for on-site
Coulomb matrix elements and screened with the bulk dielectric
constant of CdSe for off-site interactions.”> We note that we
considered only bandedge trions and we did not take strain into
account in this study. Further details regarding our tight-
binding Hamiltonian can be found in refs 40 and 44.

The validity of our calculations is tested by comparing with
the experimentally measured Auger recombination lifetimes for
negative and positive trions, and their scaling with CQD size.
As can be seen from Table SI, our calculations accurately
predict the Auger recombination lifetimes in positive and
negative trions in both core-only and core—shell CQDs over
the range of dot sizes considered.

We first investigate the effect of shell thickness on Auger
recombination lifetimes in core—shell CQDs (Figure 2a). We
fixed the core diameter at 4 nm and varied the total CQD
diameter from 4 to 10.5 nm. With an increase in shell thickness,
Auger recombination lifetimes show three distinct features: (i)
lifetimes are notably longer for negative trions than for positive
trions (except for smaller CQDs), (ii) lifetimes change
nonmonotonically with shell thickness, and (iii) overall Auger
recombination lifetimes are longer in thicker-shell CQDs. To
understand the origin of these features, we report the density of
states (DOS) and wave functions in Figure 2b,c—f.

We find that the density of deep conduction band states is up
to four times lower than the density of deep valence band
states. This, along with stronger hole confinement, results in
slower Auger recombination of negative trions as compared to
positive trions. With an increase in shell thickness, the total
CQD volume increases and the deep conduction and valence
band states become more delocalized, resulting in weaker
overlap with the initial bandedge states and correspondingly a
slowing in Auger recombination. For core-only CQDs (inset of
Figure 2a), the Auger recombination lifetimes scale with CQD
diameter, d, as d®* for biexcitons (5.4 and 7.0 for negative and
positive trions, respectively), which is within the range of
experimentally measured exponents of 5.6—6.3 by Kobayashi et
al.*® We discuss the comparison of our shell-thickness
dependent Auger lifetimes against the experimentally measured
values of Garcia-Santamaria et al.”> in Figure S2 in the SL

Our predicted nonmonotonic variation of Auger recombina-
tion lifetimes with shell thickness agrees qualitatively with a
recent theoretical study by Efros et al.”*** Using the eight-band
k-p method, the authors showed that the Auger recombination
rate can vary over an order of magnitude for a shell thickness
fluctuation within 1 nm.** In our calculations, however, these
variations are within a factor of 3. The main reason for this
difference resides in the number and the symmetry of the dee
states, which differ between atomistic and EMA calculations.””
A higher density of states and Lorentzian broadening allow us
to avoid the vanishing of the Auger rates for specific dot sizes
observed in EMA™* when the initial and final configurations are
not in resonance.

The predicted oscillations in Auger lifetimes in Figure 2a
originate from a broad distribution of Coulomb element values
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Figure 2. The effect of shell thickness on Auger recombination. (a)
Predicted Auger recombination lifetimes for negative, positive trions,
and biexcitons as a function of shell thickness in core—shell quasi-type-
II CQDs. (b) Density of states in core-only, 1.5 nm, and 3.0 nm thick-
shell CQDs. Electron charge density for single particle states at the
conduction bandedge (c), at the valence bandedge (d), deep in
conduction band (e), and deep in valence band (f). The inset in (a)
shows the variation of biexciton Auger recombination lifetimes with
diameter in core-only CQDs.

that couple the bandedge states to deep states. As seen in the k-
p model,” high-frequency states that couple well to the
bandedge states appear periodically across the relevant energy
range. Scanning through different shell thickness brings these
states in and out of resonance. As such, the distribution of
Coulomb elements is representative of a single CQD and
would be completely smoothened out in an ensemble
possessing realistic variations in size and shape.

Next, we investigate the effect of mixing at the interface
which was suggested by previous EMA model to suppress the
Auger recombination.”* We fix the core size at 4 nm in a 9 nm
core—shell CQD. We varied the intermixing fraction (smooth-
ness) by swapping the desired fraction of atoms within 0.5 nm
on both sides of the interface. When we increase the interface
mixing, all Auger recombination lifetimes shorten by a factor of
2, quickly reaching saturation after 20% mix fraction (Figure 3).

This apparent contradiction with EMA findings™* can be
resolved by looking at wave function localization volumes.
Interface grading results in effective narrowing of the potential
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Figure 3. Effect of interface grading on Auger recombination.
Predicted Auger recombination lifetimes for negative and positive
trions and biexcitons as a function of interface mixing for quasi-type-II
core—shell CQDs. (Inset) Change in Coulomb matrix elements upon
introducing a mixture of 15% in negatively charged CQD, as a function
of deep-electron energy. Alloying at the interface breaks the system
symmetry and eliminates zero-valued Coulomb matrix elements
observed in sharp interface case.

well, leading to more strongly localized wave functions (see SI
Figure S3a) and their stronger overlap and faster Auger rate
through eq 1. However, the EMA model in ref 24 was
constructed for a much shallower confinement potential (300
meV), representative of epitaxial QDs but not colloidal QDs. In
this case, confinement energy is comparable to the potential
well depth. Graded interface produces higher confinement
energy, which pushes the wave function out of the potential
well (see SI Figure S3b). The wave function is more delocalized
in case of soft potential and Auger rate is smaller, that is, the
trend is reversed compared to deep potential well relevant for
CQDs.

An additional factor that speeds Auger recombination in case
of soft confinement is revealed when one investigates the
Coulomb matrix elements (inset in Figure 3). For a sharp
interface, about one-third of the Coulomb matrix elements are
zero. We noticed such behavior previously®® and tentatively
ascribed it to poor overlap of the corelike and surface-like deep
states. However, in this work the nanocrystals are large enough
that we can see clearly that the final states are not surface-
derived. Instead, the zero matrix elements can be ascribed to
the symmetry of the deep state with its high-frequency
oscillations that integrate to zero when overlapped with the
initial core state, similar to EMA findings.”> With alloying at the
interface, the CQDs become less symmetric, resulting in the
change of the deep states shape. As a result, all Coulomb matrix
elements become nonzero, resulting in a faster overall Auger
recombination.

We verified the strength of this effect by comparing two
kinds of soft-confinement, one with alloyed interface (atomic
disorder) and another with averaged interface (virtual crystal
approximation) comparable to EMA models (Figure 4b,c).
Comparison of artificially averaged versus sharp interface
(Figure 4a,c) shows nearly no Auger recombination suppres-
sion because the degree of softening introduced here (v = 20
for soft versus v = 60 for sharp interface in Cragg and Efros
notation) is significantly smaller than that discussed by Cragg
and Efros (v = oo vs v = 2).”* Atomic alloying results in ~2X
faster Auger rates than artificially averaged interface (Figure
4b,c).

Experimental studies aimed at verifying the effect of soft
confinement on Auger rates reported varying results. Some
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Figure 4. Effect of soft confinement adjusted for bandgap variations. Electronic bandgap, negative trion, positive trion, and biexciton Auger lifetimes
in quasi type-II core—shell CQDs with (a) 4.0 nm core, (b) soft confinement achieved through alloyed interface (atomic disorder), (c) soft-
confinement achieved through averaged (virtual crystal approximation) interface, and (d) 3.5 nm core. The dashed circles are guides to the eye

representing 3.5 and 4.5 nm diameters.

) 262
studies demonstrated suppressed Auger recombination,”*”’

while others argued that the effect is not related to soft
confinement.”® To investigate the origin of these disparate
findings, we compared various CQDs with different core sizes
and degrees of soft confinement (Figure 4). As mentioned
above, interface softening leads to a narrowing of the core
potential and increase of the bandgap due to ensuing stronger
confinement. To compensate for this effect we add to our
comparison a model with a 3.5 nm core and sharp interface
(Figure 4d) that achieves the same bandgap as the soft-
confined model.

In comparing sharp and soft interfaces while maintaining the
same bandgap (Figure 4b,d), we find that a softened interface
results in longer Auger recombination lifetime. The effect is
noticeable despite the disorder-induced enhancement of Auger
recombination discussed above. In the case of a comparison for
nominally constant core volumes (Figure 4a,b), however, the
softer interface results in faster Auger recombination. These
findings show that Auger recombination suppression is a result
of volume scaling of lifetimes and not of the softness itself.

Distinguishing the bandgap versus core volume comparisons
allows us to reconcile the seemingly contradictory experimental
findings. Experimental reports demonstrating Auger recombi-
nation supp1‘essi0n26’27 in fact increased the core volume, as can
be seen from the shift in absorption wavelength. Recently,
Beyler et al.”® measured a sample-averaged biexciton quantum
yield using solution-phase photon correlation. Consistent with
our findings, the difference between the sharp and soft
interfaces was found to be negligible, provided that the
interface does not introduce any defects.

In light of our finding that the increase in volume has the
strongest effect on Auger recombination (Figure 2a) in CQDs,
we next try to increase the core volume. For this, we used
ricelike ellipsoidal cores where the smaller diameter of an
ellipsoid is fixed at 4 nm and the length of the ellipsoid is varied
to tune the degree of hole delocalization. Our predicted values
of trion and biexciton Auger recombination lifetimes for these
CQDs as a function of core-length are presented in Figure S.
Upon increasing the core length from 4 to 8 nm, the positive
trion and biexciton Auger recombination lifetimes increase by
more than a factor of 6 and 4, respectively.

According to eq 1, the Auger recombination rate is
proportional to the strength of Coulomb matrix elements and
the density of final states. We vary the aspect ratio of the core
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Figure S. Core-shape-dependent Auger recombination lifetimes.
Predicted Auger recombination lifetimes for negative and positive
trions and biexcitons as a function of ellipsoid core length for CdSe/
CdS core—shell CQDs. Negative trion, positive trion, and biexciton
Auger recombination lifetimes increase by factors of 2, 6, and 4 in
increasing the core-length from 4 to 8 nm.

and keep the total CQD volume the same. Irrespective of the
core length, therefore, the density of the final deep states
remains unchanged. This suggests that a decrease in Coulomb
matrix elements is the main cause of reduced Auger
recombination upon increasing the core length.

In summary, we used fully atomistic tight-binding
calculations to design quasi-type-II CdSe/CdS core—shell
CQDs with reduced Auger recombination. We explicitly
calculated all single-particle states by diagonalizing the tight-
binding Hamiltonian that is fit to bulk bandstructures. We find
that Auger recombination through the positive trion is up to six
times faster than through the negative trion in a 4 nm core/10
nm shell spherical-core CQDs due to higher density of deep
valence band states and stronger confinement of the hole.
Larger cores and thicker shells efficiently suppress Auger
recombination. Similarly, Auger recombination suppression
upon softening of the core—shell interface is predominantly a
result of the increased core volume, whereas the soft
confinement itself has little effect.

We predict that a 4-fold suppression of Auger recombination
can be achieved in 10 nm CQDs by increasing the core volume
by using rodlike cores embedded in thick shells. We also
showed that atomic disorder results in enhancement of Auger
recombination due to relaxation of the symmetry-based
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selection rules. Our study provides new design rules to suppress
Auger recombination by using larger core and shell volume, a
disorder-free interface, and negatively charged CQDs.
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