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ABSTRACT: It has previously been found that Auger processes
can lead to femtosecond carrier trapping in quantum dots, limiting
their performance in optoelectronic applications that rely on
radiative recombination. Using atomistic simulations, we investigate
whether a shell can protect carriers from Auger-assisted trapping.
For these studies we investigate CdSe/CdS core−shell quantum
dots having total diameters reaching up to 10 nm. We find trapping
lifetimes as fast as 1 ps for 2 nm shells, and we report that shells as
thick as 6 nm are required to suppress trapping fully. The most
efficient recombination mechanism is found to proceed through
shallow empty traps, suggesting it can be suppressed by filling the
traps through doping or external electrochemical potential. Our
findings suggest that to achieve efficient light emission, surface traps
have to be completely eliminated, even in thick-shell quantum dots.

The optoelectronic properties of colloidal quantum dots
(CQDs) are strongly affected by surface passivation.

Normally such surface passivation aims at elimination of defects
that would otherwise lead to electronic trap states. The defects
can be formed due to lattice mismatch at the interface in core−
shell CQDs,1,2 incomplete passivation by ligands of the CQD
surface,3,4 oxidation, and photodegradation.5−7 The resulting
trap states cause nonradiative losses through trapping of the
electron or hole, followed by recombination of this trapped
carrier with a free or another trapped carrier, adversely affecting
the performance of CQDs in light-emitting devices,8−10

quantum dot lasers,11 and biological tracking inside living
cells.12−15

Unfortunately, the identity of the mechanisms that dominate
nonradiative losses in CQDs remains to be determined
conclusively.16−18 The origins and roles of traps and non-
radiative losses in CQDs have been the subject of extensive
modeling and experiment.17−20 A wide range of explanations
for the loss of radiative efficiency have been proposed, but a
consensus has yet to emerge on the physical origins of the most
abundant trap states and on the relative roles of phonons,
electron transfer, and Auger effects in recombination.16−18 In
addition, for each of these mechanisms, multiple trapping and
nonradiative recombination pathways have been offered.17

To investigate these trapping mechanisms in depth, Califano
et al.17,21−23 used pseudopotential-based atomistic modeling
and demonstrated high trapping rates via an Auger-assisted
process. While the authors found subpicosecond lifetimes, their
studies were limited to filled traps only with quantum dot sizes
below 4 nm and did not explore the role of shell thickness.

Here we use a fully atomistic tight-binding model, together
with a perturbative treatment of electron−electron interactions,
to study systematically how shallow and deep interface and
surface traps determine the trapping rates of carriers in core−
shell CQDs. We focus, in particular, on realistically sized
wurtzite CdSe/CdS core−shell CQDs with up to 10 nm total
diameter. We study trapping pathways through both empty and
filled traps and the dependence of their rates on trap energy,
trap delocalization, and shell thickness. We find subnanosecond
time scales for a pathway involving two trapped holes and that
it can be suppressed through the filling of traps with electrons.
Another pathway involving hole trapping can be slowed to tens
of nanoseconds with the aid of a 3 nm shell.
In real CQDs, traps can form at different spatial locations on

the surface, and the exact nature of traps remains
experimentally unknown. Therefore, we studied multiple
trapping processes, and for each process we explored
parametrically the effect of trap localization and trap depth.
This exhaustive study leads to a conclusion that no matter what
the trap energy is there will always be a trapping process that is
very fast.
Simulation Details. The detailed description of our model can

be found in our previous work.24−26 In brief, we obtained
trapping rates using QNANO package, employing the Fermi
golden rule27
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where τk
ij is the trapping lifetime, ℏ is the reduced Planck

constant, ⟨kl|Vc|ij⟩ is the Coulomb matrix element between
single-particle electronic states |i⟩, |j⟩, |k⟩, and |l⟩ with energies
Ei, Ej, Ek, and El, and δ(Ei + Ej − Ek − El) delta function ensures
the energy conservation. We approximated delta function with
a Lorentzian of width 30 meV in our calculations. The effect of
Lorentzian width on biexciton Auger lifetimes is discussed in
our previous work, where we find that any broadening between
5 and 60 meV results in practically identical lifetimes for 8 nm
CQDs.26 We obtained single-particle states by iterative
diagonalization of a tight-binding Hamiltonian that is based
on sp3d5s* orbitals and is fit to bulk bandstructures of CdSe
and CdS.
We created a localized interface trap by removing one Cd

atom from the core−shell interface. For the outer surface, we
created a localized trap by removing the passivation of one Se
atom. (We note that removing the passivation of Cd atom from
outer surface does not result in a trap state in our tight-binding
Hamiltonian.) Because of only nearest-neighbor interactions in
our tight-binding Hamiltonian, both of these single-atom trap
states are strongly localized (Figure 1a). For the outer surface,
we also created delocalized traps by shifting the valence band
alignment of selected shell atoms (Figure 3). In our tight-
binding model, surface dangling bonds are passivated by
shifting them to higher energies with respect to valence band.
For creating delocalized outer-surface traps, we selected a
varying number of trappy surface atoms and aligned their bond
energies to valence band maximum (VBM). The effect of
surface energy shift is similar to that of surface ligand removal.
For creating radially delocalized traps, we shifted the VBM
alignment of selected shell atoms with respect to that of core
atoms. For comparison between the interface and outer-surface
trap lifetimes and for studying the role of trap depth we used
the energy of the trap relative to the VBM as a free parameter
while using the same trap wave functions. The variation of

trapping lifetime with different spatial locations of trap is
presented in Section S1.
Interface Traps. We start our analysis by presenting trapping

lifetimes for a localized interface trap in Figure 1b. We
considered single-exciton processes through both filled
(processes (i) and (ii)) and empty (processes (iii), (iv), and
(v)) traps. The process (i) involves transitions of negative
carriers from states |e⟩ to |de⟩ and |t⟩ to |h⟩, where |e⟩, |de⟩, |t⟩,
and |h⟩ represent conduction band edge, deep-conduction
band, trap, and valence band edge states, respectively. The
corresponding Coulomb matrix element is ⟨t, e|de, h⟩. For
process (ii), the transitions are from |e⟩ to |h⟩ and |t⟩ to |de⟩ and
the matrix element is ⟨t, e|h, de⟩. We note that |⟨t, e|de, h⟩| = |⟨e,
t|h, de⟩|, but |⟨t, e|de, h⟩| ≠ |⟨t, e|h, de⟩|.
We find that all interface-trap-assisted nonradiative processes

have ultrafast recombination rates with subnanosecond life-
times. These fast recombination lifetimes are due to the spatial
localization of the trap at the core−shell interface, where it
overlaps strongly with the core electron and hole states.
Mechanism (iii) involving two trapped carriers provides the
fastest rate because it has a stronger interaction than that of
electron and hole delocalized over the entire core.
Subnanosecond lifetimes suggest that this class of traps is

likely not present in experimentally synthesized lattice-matched
high-quality core−shell CQDs, as they would otherwise
completely turn off light emission.
Outer-Surface Traps. Next, we consider trapping for outer-

surface localized trap located 60 meV above the VBM. The
corresponding lifetimes are presented in Figure 1b. Compared
with interface traps and to previous calculations by Califano et
al.17 for small CQDs, the growth of a thick shell slows down
trapping by up to three orders of magnitude for most of the
trapping pathways. (The trapping rates for process (iii) are
three and two times faster in core-only 4 and 8 nm CdSe CQDs
compared with interface and outer-surface traps in 8 nm core−
shell CQDs.) This is an expected effect due to reduced overlap
between the electron/hole and the trap. Nevertheless, trapping
remains fast compared with the typical radiative lifetime of tens

Figure 1. Trapping pathways into interface and outer-surface traps. (a) Single particle state electronic charge density for (i) the conduction band
edge, (ii) the valence band edge, (iii) interface trap, and (iv) outer-surface trap. (b) Nonradiative recombination lifetimes for different trapping
mechanisms considered, calculated for a 8 nm CQD. Both interface and outer-surface traps are at an energy of 60 meV above the VBM. All interface-
trap-mediated nonradiative processes have subnanosecond lifetimes due to strong overlap of trap state charge density with electron and hole state
charge densities. For outer-surface trap, the lifetimes are up to three orders of magnitude larger than corresponding interface-trap process.
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of nanoseconds, in particular, for process (iii) involving two
trapped holes. We note that process (iii) has not been evaluated
previously using computational strategies.
The energy-transfer mechanisms of processes (i) and (iii) in

Figure 1b are similar to nonradiative Auger recombination
processes in negative and positive trions, respectively.26 The
recombination rates corresponding to these trapping processes
are, however, much faster than those in trions. (Negative and
positive trions have nonradiative lifetimes of ∼6 and ∼2 ns,
respectively.26) To elucidate this further, we next present the
Coulomb matrix elements (eq 1) for processes (i) and (iii)
(|⟨de,h|Vc|t,e⟩|

2 and |⟨dh,e|Vc|t,t⟩|
2) in Figure 2. We sum over all

spin-degenerate states and plot the resulting numbers as a
function of final deep electronic state energy. For processes (i)
and (iii), we compare these elements with those corresponding
to nonradiative losses in negative and positive trions (|⟨de,h|Vc|
e,e⟩|2 and |⟨dh,e|Vc|h,h⟩|

2) in Figure 2a,b respectively.
We find that for shallow final electronic states the Coulomb

elements associated with negative trions are up to four orders of
magnitude larger than similar elements for the trapping process.
However, these elements are never activated in trion because
these transitions do not satisfy energy conservation. With an
increase in final-state energy, both negative trion and trapping
elements decrease and become comparable to each other. For
trapping through shallow close-to-valence-band-edge traps via
process (i), the relevant final-state energy lies close to the
conduction band edge (∼2 eV in Figure 1b (i)). For
nonradiative Auger recombination in negative trions, the
relevant final states are at ∼4 eV. Therefore, as can be seen
from Figure 2a, even though for the same energy range negative
trion Auger elements are up to four orders of magnitude larger
than trapping elements, for energies relevant to trapping and
nonradiative Auger in negative trions, the trend is reversed. The

trapping elements are up to four orders of magnitude larger
than negative trion Auger elements.
We note that due to the sparse density of final electronic

states close to the conduction band edge, the trapping through
process (i) is strongly dependent on temperature and
broadening which are required to bring the initial and final
states into resonance.
For process (iii), due to strong overlap of trap state with

conduction band edge and deep valence band states (both are
delocalized over entire dot volume), trapping elements are up
to four orders of magnitude larger than positive trion Auger
elements. This results in up to four orders of magnitude faster
trapping through process (iii) compared with nonradiative
Auger recombination in positive trion.
Delocalized Outer-Surface Traps. Up to this point, we have

considered only strongly localized traps. In real CQDs, traps
can be delocalized over many atoms, even if they originate from
a point defects, such as a vacancy or an anion dimer.7 To study
the effect of delocalization on trapping rates, we considered
three different traps on the outer surface with varying degrees
of localization, as shown in Figure 3. The first trap is localized

over only a few atoms, the second trap is delocalized on the
outermost atomic layer along the circumference of the shell,
and the third trap is extended radially toward the core. We
characterize the localization of these traps using the
participation ratio (see Section S2 for definition), which is
roughly equal to the number of atoms over which the trap is
localized.
We find that the effect of delocalization is more pronounced

on process (iii). In going from strongly localized trap to outer-
surface delocalized trap (from (a) to (b) in Figure 3), the
trapping lifetime corresponding to process (iii) increases by
more than four orders of magnitude, while the increase is only
one order of magnitude for process (i). This strong dependence
of process (iii) is due to decreasing coupling between trap−trap
states with delocalization. In going from outer-surface to radial
traps (traps (b) and (c), respectively, in Figure 3), trapping
rates through both processes increase by more than two orders
of magnitude, suggesting that radial trap provides better overlap
with the core.
Ef fect of Trap Depth on Trapping Rates. We next present the

effect of trap state energy on trapping lifetimes through
processes (i) and (iii) for localized outer-surface traps in Figure
4a. We find that for process (i) the lifetimes oscillate with

Figure 2. Coulomb matrix elements for trapping processes.
Comparison of Coulomb matrix elements for trapping processes
with nonradiative Auger processes in negative and positive trions for
(a) process (i) and (b) process (iii) of Figure 1b. The elements are
plotted as a function of final electronic state energies of |de⟩ and |dh⟩.
The VBM is located at −0.16 eV.

Figure 3. Effect of trap delocalization on trapping lifetimes. Variation
of trapping lifetimes with delocalization of traps for processes (i) and
(iii). The delocalization of different traps is characterized by
participation ratio, which is unity for localized traps and is equal to
number of atoms for completely delocalized traps. All considered traps
are located at 60 meV above the VBM.
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changes in the trap energy due to a sparse density of final
electronic states in the conduction band and due to two orders
of magnitude variations in trapping elements with final state
energy (Figure 2a). Overall, with an increase in the trap energy,
the lifetimes increase due to poorer overlap between
conduction band edge electron with the final-state electrons
(as was shown in Figure 2a).
On the contrary, for process (iii), the lifetimes are initially

insensitive to changes in the trap depth due to a high density of
final states. They start to increase for deep traps when the final
hole state localizes into the core and thus overlaps less with the
trap. With an increase in trap energy beyond 1.1 eV (not shown
in figure), there are no hole states available that can satisfy the
energy conservation. As such, process (iii) becomes unavailable
for electrons thermalized to the band edge and traps deeper
than 1.1 eV (relative to the VBM).
Shell Thickness Dependence of Trapping Rates. To investigate

whether trapping can be suppressed, we considered the effect of
shell thickness on the outer-surface trap processes (i) and (iii)
from Figure 1b and report the calculated variation of trapping
lifetimes with shell thickness for a localized trap in Figure 4b.
As expected, the trapping rate decreases for thicker shells due

to increased spatial separation between the trap and electron/
hole states and thus reduced overlap. Importantly, we find that
shell-thickness-dependence of trapping follows exponential
dependence (dashed lines in Figure 4b), in contrast with
power-law scaling of the core-only Auger rates.28,29 An
extrapolation of the exponential fit suggests a trapping lifetime
larger than 0.1 ns for the fastest process (iii) in a 6 nm “giant”

shell. We note that this extrapolated lifetime is for a highly
localized trap and with delocalization, as discussed above
(Figure 3), lifetimes corresponding to process (iii) increase by
two to four orders of magnitude, thereby resulting in complete
suppression of trapping through process (iii) for thick shell
dots.
For trapping through process (i), while the lifetimes decrease

by an order of magnitude for radially delocalized traps, the
strong thickness dependence (four orders of magnitude
increase in trapping lifetime as compared with fewer than
two orders of magnitude for process (iii)) suggests the
elimination of trapping for thick shell dots.

■ EXPERIMENTAL OBSERVATIONS

We next discuss two different experimental measurements in
context of our findings.
Galland et al.30 used electrochemical charging and time-

resolved photoluminescence emission measurements to meas-
ure switching between dark and bright emission states
(commonly referred to as blinking) in 3 nm thick shell
CdSe/CdS CQDs. The authors found that dark states
disappear with the application of external negative potential,
thereby suggesting empty traps and their filling as the cause of
their deactivation. The authors further observed the suppres-
sion of dark states with the growth of thick shells.
We find that our simulations predict a trapping lifetime of 0.1

ns for realistically delocalized outer-surface localized empty trap
through process (iii) in a 2 nm thick CdSe/CdS CQDs. With
an increase in shell thickness, the lifetime for process (iii)
increase to only at most 1 ns for 3 nm thick shell, still quite fast
to be resolved in experiments. For comparison, lifetime
increases to 160 ns for process (i). Furthermore, because
process (iii) is through empty traps, it is suppressed upon the
filling of traps or with a further increase in the shell thickness
(Figure 1b).
Chen et al.31 developed a new synthesis method based on

slow shell growth and found significantly suppressed blinking in
2.4 nm thick shell CdSe/CdS CQDs compared with previous
literature reports. From our simulations, we find that for 2.5 nm
shell CQDs, trapping processes through both filled and empty
traps are fast (subnanosecond compared with ∼50 ns radiative
lifetime) for outer-surface traps. Therefore, the observed
suppression of blinking in compact shell CQDs is likely due
to elimination of traps due to particular precursors used in shell
synthesis rather than due to higher quality core−shell interface.
We used atomistic simulations to study trapping of carriers in

core−shell CdSe/CdS CQDs. We studied interface and outer-
surface traps and found that both types are sufficiently fast to
almost completely suppress the light emission. Only “giant”
shells are capable of slowing down the outer-surface trap
recombination, whereas bright emission from compact shells
(2.5 nm)31 should rather be attributed to a complete absence of
traps.
Our findings are in line with the experimental observations

that suggest the suppression of ultrafast picosecond trapping
processes in electrochemically charged or n-doped CQDs by
filling the traps with electrons.30 Similar to experimental
findings, our results also suggest suppression of trapping in
thick-shell CQDs.30

Overall, experimental observation of bright states suggests
that a complete elimination of traps is physically achievable and
that more robust passivation techniques can be developed if we

Figure 4. Effect of trap depth and shell thickness on trapping lifetimes.
Variation of trapping lifetimes with (a) trap-energy and (b) shell
thickness for processes (i) and (iii) through localized outer-surface
traps. The trap energies are reported relative to the VBM. The dashed
lines in panel b are exponential fits to the variation of lifetimes with
shell thickness. For process (i), traps are located at an energy of Ep −
Es above the VBM, where Ep and Es are energies of p and s electronic
states. For process (iii), considered traps are within 250 meV of the
VBM.
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understand and control better the dynamic changes in quantum
dot environment.
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