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Unraveling Exciton Trap Dynamics and Nonradiative Loss Pathways in
Quantum Dots via Atomistic Simulations
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Surface defects in colloidal quantum dots are a major source of nonradiative losses, yet the microscopic
mechanisms underlying exciton trapping and recombination remain elusive. Here, we develop a model Hamil-
tonian based on atomistic electronic calculations to investigate exciton dynamics in CdSe/CdS core/shell
QDs containing a single hole trap introduced by an unpassivated sulfur atom. By systematically varying
the defect depth and reorganization energy, we uncover how defect-induced excitonic states mediate energy
relaxation pathways. Our simulations reveal that a single localized defect can induce a rich spectrum of
excitonic states, leading to multiple dynamical regimes, from slow, energetically off-resonant trapping to fast,
cascaded relaxation through in-gap defect states. Crucially, we quantify how defect-induced polaron shifts
and exciton-phonon couplings govern the balance between efficient radiative emission and rapid nonradiative
decay. These insights clarify the microscopic origin of defect-assisted loss channels and suggest pathways for

tailoring QD optoelectronic properties via surface and defect engineering.

Colloidal semiconductor nanocrystal (NC) quantum
dots (QDs) have gained significant interest in both funda-
mental research and technological applications owing to
their size-dependent optical and electronic properties.!™
Quantum confinement in these NCs results in discrete
energy levels for electrons and holes, creating quantized
excitonic states with tunable absorption and photolumi-
nescence (PL) characteristics.*® Although these proper-
ties have facilitated the development of QD-based devices
like LEDs, lasers, and solar cells,®® a persistent challenge
remains in enhancing photon emission efficiency or the
photoluminescence quantum yield (PLQY) in such de-
vices?, which is often limited by the presence of surface
defect/trap states.!013

Different types of defect states can be formed during
the synthesis of colloidal NCs, where the lack of ligand
coordination, surface oxidation, atomic vacancies, and
stoichiometry are known to introduce localized states at
the NC surface.'* 16 These surface states trap either an
electron or a hole, depending on the chemical environ-
ment of the surface atom and depending on the ligand
passivation. 1417 Those traps states can be highly dy-
namical'®!? and strongly affect carrier dynamics in NCs
and NC-based devices.? 22 The surface states are usually
viewed as detrimental to the quantum yield as a result
of two central processes. First, intrinsic electrons/holes
can be trapped by relaxing to the localized surface de-
fect state(s).2> 727 The trapped electron or hole then re-
combines radiatively on longer timescales.?®2? The broad
red-shifted peak observed in the PL spectrum of poorly
passivated QDs is typically assigned to the emission of
the traps.39732 Second, the nonradiative recombination
channel, where the recombined electron-hole pair dissi-
pates its energy through lattice vibrations, is often much

faster compared to the intrinsic excitonic states of the
NC. This process is commonly termed Shockley-Read-
Hall (SRH) recombination in bulk semiconductors, neg-
atively affecting the performance of solar cells.3373°

In the interacting electron-hole pair or excitonic frame-
work, both intrinsic excitonic states (states without
trapped electron or hole states) and defect excitonic
states can be treated on the same footing. The intrin-
sic excitons relax via defect excitons by emitting one
or more phonons before ultimately recombining back to
the ground state (either radiatively or nonradiatively).
Both experimental and theoretical studies have shown
that the passivation ligands significantly alter the elec-
tronic properties and reorganization energy of defect
states.!432:36-38 However, it remains challenging to de-
scribe how changes in these defect properties translate
to the relaxation dynamics of excitons. This is because
such a correlation necessitates modeling the process at an
atomistic level, where the intricate interactions between
the ligands, the surface, and the defect states must be
accurately captured to understand their impact on exci-
tonic behavior.

In this paper, we explore the exciton dynamics in the
presence of surface defects in CdSe/CdS core/shell col-
loidal QDs. An atomistic model was developed to include
the interacting electrons and trapped holes (or defect ex-
citon), as well as the coupling to the lattice vibrations of
the QD. We focus on two dynamical processes, exciton
trapping and defect-assisted nonradiative recombination.
We demonstrate how the depth of hole traps and the re-
organization energy of defect excitons influence the re-
laxation dynamics of excitons and the resulting quantum
yield, in an unexpected way. By systematically analyz-
ing the exciton relaxation pathways, we identify distinct
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FIG. 1. (a) Wavefunction isosurface of the localized hole-trap state arising from an unpassivated surface sulfur atom. Yellow and
blue indicate the positive and negative phases of the wavefunction, respectively. Cadmium (Cd), sulfur (S), and selenium (Se)
atoms are rendered in magenta, yellow, and green. (b) Single-particle energy levels of quasi-electron (orange) and quasi-hole
(green) states from semiempirical pseudopotential calculations. The hole-trap level is marked by a dashed line, and the trap
depth is defined as Aeys. (c) Interacting electron (top) and hole (bottom) densities for a localized defect state (red box)
and the lowest bright excitonic state (blue box) from the Bethe-Salpeter equation (BSE) calculation. Note that the electron
density shifted slightly towards the hole trap density in the defect state. (d) Energy levels of the interacting intrinsic excitonic
(blue) and defect states (red) from shallow (—0.2 eV) to deep (0.4 eV) single-particle hole trap depth Aep. Defect levels shift
downward with increasing Aep.

regimes of defect-induced phenomena. Our findings pro- model Hamiltonian is expressed as follows:*

vide valuable insights into the underlying mechanisms 1 1
that govern defect-related behavior in NC QDs, offering Hqp = Ey [1g) (4] + Z (2 Pa2 w2 i >

guidance for the design of defect-tolerant materials and 2o
devices.

To investigate the exciton relaxation and trapping pro- + Z <E0 nm + Z e a) [te,,) (e, |
cesses, it is essential to explicitly incorporate the en- n,méeexct

ergies and nuclear couplings of both the excitonic and
defect states into the model.3*4? Our previous research + Z EY Spm + ng‘ i Qo | [a,) (¥, |
has focused on developing pseudopotentials41’43 (PPs) n,medef o

for intrinsic excitons that accurately capture electron and o o
hole energies and their coupling to the lattice. This + Z V) Ven| Vi e,, Qo + Z [¥a..) <w9|vdn9Qa

approach allowed us to theoretically describe a wide 72223:1; nedef

range of carrier dynamics, including hot exciton cool-

ing, photoluminescence spectra, and electron relaxation + Z [Ve.,) (Yg] enngX + h.c.

and transfer.?0*448 Here, we will use a similar approach neexct

to characterize the defect excitons and their impact on « (1)

excitonic dynamics and quantum yield. However, since
our PPs were parameterized for bulk materials, we will ~ Here E, is the ground-state energy of [¢;). The in-

treat the electron/hole trap energy and the overall reor- dex m = 1,..., Noxet labels the intrinsic-exciton man-
ganization energy of the trap parametrically, as further ifold {|tpe, )}, while n = 1,..., Nger labels the defect-
discussed below. exciton manifold {|i4,)}. The energies of the intrinsic

We begin by describing the model Hamiltonian, Hqp, excitons E0 and the defect excitons EO were computed

used to generate the excitonic dynamics, followed by an in the equlhbrlum geometry (the superscrlpt 0 indicates
explanation of how it was parameterized for CdSe/CdS Q = 0). h.c. denotes the Hermitian conjugate of all
core-shell nanocrystals with a single defect surface. The preceding off-diagonal terms. The model Hamiltonian
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(a) Peak-normalized diagonal spectral density for the lowest intrinsic excitonic and defect state.
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(b) Schematic

illustration of the exciton dynamics captured by the model Hamiltonian: from left to right, exciton—defect relaxation, exciton
trapping, and nonradiative recombination of excitons or defect states.

is written in the single-exciton basis, where the multi-
exciton effects are excluded. The nuclear degrees of free-
dom of the QD were described using normal mode coor-
dinates (Q,) and momenta (P, ), each characterized by a
normal mode frequency (w,). These were obtained from
a suitable force field,*?, accounting for intrinsic, surface,
and defect modes. The remaining terms in the Hamil-
tonian describe the exciton-phonon coupling strengths.
Vg, ~represents the coupling between intrinsic exciton
states, while Vi, a, denotes couplings that involve at
least one defect exciton state.

Experimental and theoretical studies have shown that
dangling chalcogenide atoms lead to the formation of
hole-trapping excitonic states within the band gap of
the CdSe—CdS core-shell quantum dots.?*3 In the PP
calculation, fully passivated structures yield clean band
gaps, where the ligand potential shifts the surface elec-
tron and hole states into the respective band. To model
the trap state, we removed one passivation ligand from
a sulfur surface atom along the [001] crystal plane, and
then generated electron and hole states near the band
edge using the same PP approach.®*®® In addition to
the intrinsic electron and hole states, a single localized
quasi-hole trap state emerged, with energy difference
Aent = Ent — Ehole from the highest hole state. The man-
ifold of electron-, hole- and trap-states was used to solve
the Bethe-Salpeter equation (BSE),%%®7 with the trap
energy (ent) treated parametrically by varying its depths.

The existence of this hole trap state has been the
subject of numerous studies.’®®8 61 Ag illustrated in
Fig. 1(a), the hole wavefunction, obtained from the PP
calculations, exhibits an sp3-like symmetry®%:%3 and is
localized near the unpassivated S atom, within the CdS
shell. The energy levels of single-particle electron and
hole states near the band gap are plotted in Fig. 1(b).

The green dashed line represents the energy level of the
trapped hole. For Aey; > 0, the hole trap lies above the
highest intrinsic hole state, essentially in the middle of
the fundamental gap. In this case, Aeyy indicates the
depth of the hole trap within the band gap. Conversely,
when Acgy is negative, the hole trap resides within the
valence band.

In the BSE, excitonic states are represented as linear
combinations of electron and hole pair-states. In the ab-
sence of a hole trap, the lowest excitonic states are pre-
dominantly composed of band-edge quasi-electron and
quasi-hole states, as illustrated in Fig. 1(c). The pro-
jected density of the lowest exciton for a fully passivated
QD is shown in the blue box, where the hole remains
localized to the core while the electron extends into the
shell, reflecting quasi-type II behavior.?”

In the presence of a hole trap state with an offset of
Aeyg > 0, the lowest excitonic state primarily consists of
the trapped hole and the lowest intrinsic electron state,
forming a trapped exciton or a defect excitonic state. In
this case, the projected density shown in the red box of
panel (c) reveals that the interacting hole is localized near
the defect center (as in the quasi-hole trap), and the in-
teracting electron density is slightly shifted towards the
localized hole because of Coulomb attraction. The exci-
tonic energies of the CdSe/CdS core-shell QD are plotted
in Fig. 1(d). The energy of the defect excitons (shown in
red) decreases as Acy increases. Notably, a single trap
state may generate multiple excitonic defect states below
the energy of the lowest intrinsic exciton, depending on
the depth of the hole trap.

The final component necessary to describe the exci-
tonic dynamics is the exciton-phonon coupling, charac-
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FIG. 3. Multi-defect population dynamics for varying hole-trap depths Acy; and defect reorganization energies Agq. Panels
(a)—(d) correspond to: (a) Aeny = —0.11eV, A\gg = 0.11eV; (b) Aeny = —0.11eV, Agg = 0.21eV; (¢) Aep, = —0.11eV,
Aaa = 0.51eV; (d) Aeny = 0.41eV, Agg = 0.51eV. An off-diagonal reorganization energy of Aeq = 0.1 meV quantifies the
coupling between the defect and the intrinsic excitonic states. The total populations of excitons, defects, and ground states
are plotted in blue, red, and black, respectively; intrinsic and defect populations are summed over all individual states. Insets
show the polaron energy levels £, = EJ — An, (in eV) for the intrinsic excitons (blue) and defect states (red) involved in the

dynamics.

terized by the spectral density, Jym(w):
Jom(w) = Z Wa Ao, 0(w — wy) (2)

where the mode-wise reorganization energy is defined as:

1

6 5V, /wa)
€En€m 2 €En€m Wa

: 3)

Nty = 5V, /0a)
for intrinsic excitons and defect excitons, respectively.
The diagonal spectral density J,,,,(w) corresponds to the
energy change between the equilibrium geometry of an
excitonic state relative to the ground state, while the off-
diagonal spectral density, J,,(w), represents the magni-
tude of the nonadiabatic coupling between different exci-
tonic states via lattice vibration with phonon frequency
w.
Fig. 2(a) shows the diagonal spectral densities for the
lowest intrinsic and defect exciton state (normalized to
the peak), for Aepy > 0, calculated from the PP model.
As observed previously,*6-:646> intrinsic excitons couple
strongly to the localized CdSe core vibrations around

33 meV. The enhanced coupling to the optical mode ex-
plains the prominent phonon sideband observed in both
the calculated and measured PL spectra.*6:%6 Defect ex-
citons, on the other hand, couple strongly to a broad
band of lattice modes in the 8-16 meV range, including
the breathing and torsional modes of the QD. The sharp
peak at 29 meV corresponds to the coupling of the defect
state to the local surface modes on the [001] plane where
the defect resides.

The magnitude of the defect coupling V), may de-
pend specifically on the type of ligand and surface
reconstruction.’6-%9 This is hard to model even with ab
initio methods.'®7%7 We therefore, treat the reorgani-
zation energy of the defect as a parameter (see SI for
the procedure to scale Vg dm)' In particular, all diagonal
couplings for the defect states, Vg , , are scaled rela-
tive to the lowest-energy defect state, whose reorganiza-
tion energy is defined as Agg = 3 ., (Vg 4, /wa)?. Since
the defects experience larger polaron shifts compared to
intrinsic excitons due to their localized nature,?'32 we
consider a range of \4q from 100 to 600 meV. These val-
ues are more than an order of magnitude larger than the
values calculated for intrinsic excitons (10-20 meV for



CdSe/CdS core/shell QDs). In contrast, the off-diagonal
reorganization energies between localized defect and in-
trinsic excitons, defined as Aeq = £ 3., (V2 /wa)?, are
found to be smaller (0.1-0.5 meV), reflecting the neg-
ligible spatial overlap between the corresponding exci-
tonic wavefunctions. In the regime where Aoy < A\gq and
Aed < Aee, the trapping rates scale with the square of the
coupling between the defect and intrinsic excitons, Vezd.
Therefore, the specific value of \.4 affects the dynamics
in a predictable way, so we uniformly set it to 0.1 meV
for all defect states.

The dynamics generated by the model Hamiltonian
were computed using a quantum master equation after
applying a small polaron transformation to the Hamilto-
nian and expanding the propagator up to second order
in the dressed exciton-phonon coupling (further details
are provided in the Supporting Information). The va-
lidity of this polaron-based perturbative approach relies
on diagonal reorganization energies being larger than the
off-diagonal ones. We observe that this condition is sat-
isfied for intrinsic excitons (Ae,e, > Ae,e,,) and even
more strongly so for defect excitons (Ag, 4, > Ad,d,,)-
The time evolution of the polaron-transformed reduced
density matrix within the Hilbert space of intrinsic and
defect excitons, Gpm(t) = (Vn| 5 (t) |m), is given by

06 m (t)

= — i@ T (1) + %: Ko (t) ori(t).  (4)

Here, the normalized energy gap frequency is given by
Onm = (En — En)/h = (EY — M\ — E% + Xium) /1.
We observe that the population dynamics p,(t) (diag-
onal elements of 5(t), pn(t) = Gnn(t)) decouple from the
coherences,” and thus, for the results shown below, we
ignore the coherences and solve the dynamics with the
QDs initiated in the second bright excitonic state (lo-
cated = 70 meV above the band-edge exciton). Ky, ki(t)
is the memory kernel under second-order perturbation’
(See Supporting Information for details). The lattice vi-
brations were initially in thermal equilibrium (with re-
spect to the ground electronic state) at T' = 300 K. The
dynamical pathways described by the model Hamiltonian
are illustrated in Figure 2(b).

Fig. 3 illustrates four distinct dynamical regimes char-
acterized by varying the single-hole depths Aeyy and di-
agonal reorganization energies Agq for the lowest defect
state. Panels (a)—(c) depict scenarios with a fixed hole
depth, Aepy = —0.11eV, where the equilibrium ener-
gies of the defect excitons, Egn, remain above the lowest
intrinsic exciton levels. When the defect reorganization
energy is small (panel (a)), the defect normalized polaron
energies, €4, = EJ — A, 4, , remain above the lowest in-
trinsic exciton, but shift closer to it due to the relatively
small reorganization energy of intrinsic excitons. Specif-
ically, one defect state exhibits a polaron energy around
2.1eV, while a manifold of additional defect states lie
above 2.3eV, as depicted in the inset of panel (a). In
this case, exciton trapping is fast (with a timescale about

1ps~!), occurring on a time scale comparable to intrin-
sic hot exciton relaxation.*® However, since the gap of
polaron energy between the defect and band-edge exci-
tons is significantly larger than the thermal energy, the
equilibrium defect population remains low (as shown by
the long-time values of the populations), and the quan-
tum yield remain high with negligible emission from the
defect excitons.

When the reorganization energy increases above a cer-
tain threshold that depends on the value of the hole trap
energy and the spectral density, the polaron energy of
the lowest defect state shifts below that of the lowest in-
trinsic exciton (panel (b)). In this case, despite having a
hole that resides well inside the valance band, trapping
becomes slower (with a timescale about 50 ps), resulting
from the opening of a gap between the lowest intrinsic
and defect polarons.”™ Despite the slower population of
the lowest defect, its equilibrium population is substan-
tially higher than that for small defect reorganization
energy, leading to nearly equal steady-state populations.
This suggests that subsequent radiative or nonradiative
recombination processes can occur through either the in-
trinsic exciton states or the defect exciton states, which
has been widely reported experimentally.”678

For even larger reorganization energies (panel (c)), ad-
ditional defect states move into the optical gap, with
polaron energies comparable to the lowest defect exci-
ton. As a consequence, the exciton population relaxes
rapidly (within approximately 10 ps) through a cascade
of relaxation events via multiple defect states. As a re-
sult, the intrinsic excitons remain scarcely populated at
steady state, and the emission is primarily governed by
the lowest defect state.

None of the dynamical regimes shown in panels (a)-(c)
of Fig. 3 exhibit significant nonradiative relaxation to
the ground state. In contrast, as illustrated in panel (d),
when the hole trap depth increases to Aepy = 0.41eV
(inside the fundamental gap) and for a reorganization
energy of A\gqg = 0.51eV, a manifold of defect states fills
nearly half of the optical gap. Under these conditions,
the intrinsic exciton is trapped rapidly, on a timescale
of 3ps, followed by nonradiative relaxation of the de-
fects to the ground state, on a longer timescale of 10 ns.
Such rapid trapping, accompanied by relatively efficient
nonradiative recombination, is generally undesirable for
quantum dot applications.

To systematically analyze exciton trapping and non-
radiative recombination over a broad range of defect re-
organization energies \gq and hole trap depths Aeyy, we
introduce two averaged rates derived from the popula-
tion dynamics. The average exciton trapping rate, ki,
is obtained by fitting the decay of excitons population
Y ncexct Pn(t), to a single exponential function, while
the average nonradiative recombination rate, k(™) is de-
termined by fitting the population of the ground state,
1 — py(t) to a single exponential rise.

The dependence of the trapping rates on the defect re-
organization energy for various hole trap depths is shown
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FIG. 4. Averaged exciton trapping rate, nonradiative recombination rate, and quantum yield of the QD as functions of defect
reorganization energy Agq for systems with varying hole-trap depths Aen;. (a) Averaged trapping rate k¢, extracted by fitting
the decay of the excitonic population 1 =37 . . pn(t) to a single exponential. The shaded region denotes the experimentally

measured range of exciton trapping rates for CdSe QDs with diameters of 3.6-6.6 nm.?® (b) Averaged nonradiative recombination
rate k"9, obtained by fitting the ground-state population decay 1 — p,(t) to a single exponential. (c) Averaged quantum yield

®4q of the QD, calculated according to Eq. (5).

in Fig. 4(a). For weak to intermediate defect reorga-
nization energies (Aggq < 0.3€V), the behavior of the
rates with respect to the defect reorganization energy
depends strongly on the relative positions of the defect
polaron energies, &; , and the intrinsic polaron energies,
Ee, . In systems with hole traps inside the valence band
(Aepy = —0.21 and —0.11,€V), only one defect state lies
near and above the lowest intrinsic exciton. In this case,
the trapping rate, k¢, governed by the coupling to a single
defect exciton state, decreases with increasing Agq. This
is primarily because the defect exciton shifts into the op-
tical gap as Agq increases, leading to a larger energy sepa-
ration from the intrinsic exciton and consequently slower
rates.

Conversely, at large reorganization energies (Agq >
0.3eV), the trapping rates increase with the defect reor-
ganization energy, regardless of the value of Aeyg. This
increase is primarily due to the appearance of additional
defect excitonic states near the lowest intrinsic exciton.
For small values of \gq, these additional states lie above
the intrinsic excitonic states but shift down as Agq in-
creases, resulting in faster trapping rates.

Shifting to the averaged nonradiative relaxation rates,
plotted in Fig. 4 panel (b), we find that they increase
monotonically with both A\gg and Aep,. The nonra-
diative recombination rates are substantially lower than
the trapping rates, with the highest rates found in sys-
tems containing several in-gap defect excitonic states and
strong couplings to the lattice vibrations. Since intrinsic
excitons do not relax to the ground state within these
timescales, the averaged nonradiative rates primarily re-
flect decay of the intrinsic exciton through the defect
states to the ground state, and thus, the detailed de-
fect spectrum determines the nonradiative rate and the
resulting quantum yield, shown in Fig. 4(c).

The quantum yield is defined as

_ k) . ky k)
4= .
q kér) _’_kénr) + k kér) _’_kénr) + k kL(ir) +kc(inr)
()
where k(") (kzém)) and kfir) (k‘((inr)) are the radiative (nonra-

diative) rates of the intrinsic and defect excitons, respec-
tively (see SI for details). For shallow traps, the quantum
yield is nearly unity and decreases slightly with increased
reorganization energies of the defects. For deeper traps,
the quantum yield is also near unity for small reorgani-
zation energies of the defects, but as Agq increases, the
quantum yield drops to nearly 10% due to rapid nonra-
diative recombination.

To summarize the trends observed in the trapping and
nonradiative channels, we plot k¢, k™, and the averaged
quantum yield @qd with respect to the two controlled pa-
rameters, Aepy and Agq, in Fig. 5 panels (a)—(c). Panel
(d) schematically illustrates distinct regimes of trapping
and nonradiative recombination dynamics. As shown in
Fig. 5(a), for hole traps embedded within the valence
states (Aepy < —0.1eV) and weak defect reorganization
energies (Agg < 0.2€V), there is a narrow regime char-
acterized by fast trapping dynamics (colored yellow in
panel (d)). As discussed previously in Fig. 3(a), this fast
trapping rate results from resonances between a single
defect state and multiple intrinsic excitonic states. Since
the defect polaron energy is above the band-edge exciton,
the equilibrium population of the defect state remains
small, barely affecting the intrinsic exciton population
and quantum yield efficiency.

The blue region in panel (d) represents a relatively slow
trapping regime, defined by the boundary k; < 0.1ps—!.
In this parameter regime, one defect state lies below the
intrinsic band-edge exciton, while all other defect states
are energetically higher. As a result of an increasing gap
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recombination regimes.

between the lowest defect state and the intrinsic excitonic
states with increasing trap or reorganization energies, the
trapping becomes slower, resulting in a high quantum
yield and vanishing nonradiative recombination from the
defect state.

As either Agq or the Aeyy increase further, the system
transitions to a regime of fast trapping, characterized by
ky > 0.1ps™! (indicated in red in panel (d)). The trap-
ping rate increases monotonically with both Agq and Aeyy
due to the increase in the density of defects above and
below the band edge exciton. Although this regime can
maintain a high quantum yield, emission spectra may
exhibit significant contributions from defects, resulting
in a noticeable redshift compared to the intrinsic exci-
ton emission'® (the main peak in the photoluminescence
spectrum).

For deeper defect levels and larger reorganization ener-
gies (Aepy > 0.1eV and A\gq > 0.3eV), nonradiative tran-
sitions between defect excitons and the ground state be-
come significant due to the appearance of mid-gap defect
states, stabilized by their reorganization energy. This
regime is illustrated in Fig. 3(d), gray region. Nonradia-
tive recombination is enhanced due to relaxation through
a cascade of defect states. Consequently, the averaged
quantum yield ®,q decreases significantly, approaching
zero in the limiting case. This regime, characterized by
both rapid trapping and rapid nonradiative recombina-

tion, is particularly detrimental to the performance of
QD-based applications.

In summary, we presented an atomistic model Hamil-
tonian, parametrized by a semiempirical pseudopotential
approach, to investigate the mechanisms and timescales
of exciton trapping and nonradiative recombination in
CdSe/CdS core/shell quantum dots (QDs) containing a
single surface hole trap. By systematically varying the
hole trap depth and defect reorganization energy (po-
laron shift), we have mapped out the interplay between
intrinsic and defect exciton dynamics across a broad pa-
rameter space. Our study reveals that a single unpas-
sivated surface sulfur atom can generate multiple defect
excitonic states, some of which lie within or below the
optical gap. The relative polaron energies between in-
trinsic and defect excitons govern the efficiency of exci-
ton trapping and nonradiative decay. We identify dis-
tinct dynamical regimes: slow trapping when isolated
defect states are energetically detuned from intrinsic ex-
citons, and fast trapping when resonance conditions with
a dense manifold of defect states are met. Furthermore,
we uncover a mechanism for enhanced nonradiative re-
combination via cascade relaxation through in-gap defect
states. These insights highlight the critical role of surface
defect energetics and vibronic couplings in determining
QD photophysics, offering design principles for tailoring
quantum yield through improved surface passivation and



defect engineering strategies.

ACKNOWLEDGMENTS

We thank Matthew Coley-O’Rourke, Eric R. Heller,
and Kritanjan Polley for valuable discussions. This work
was supported by the U.S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, Materials Sci-
ences and Engineering Division, under Contract No. DE-
AC02-05CH11231, as part of the Fundamentals of Semi-
conductor Nanowire Program (KCPY23). This research
used resources of the National Energy Research Scientific
Computing Center, a DOE Office of Science User Facility
supported by the Office of Science of the U.S. Department
of Energy under Contract No. DE-AC02-05CH11231 us-
ing NERSC award BES-ERCAP0032503. S.G acknowl-
edges the support from the European Union’s Framework
Programme for Research and Innovation Horizon 2020
(2014-2020) under the Marie Sklodowska-Curie Grant
Agreement No. 847471. S.L.R. acknowledges support
from the Alexander von Humboldt Foundation via the
award of a research fellowship.

REFERENCE

1C. R. Kagan, E. Lifshitz, E. H. Sargent, and D. V. Talapin,
Science 353, aac5523 (2016).

2M. Liu, N. Yazdani, M. Yarema, M. Jansen, V. Wood, and E. H.
Sargent, Nat. Electron. 4, 548 (2021).

3J. Kim, J. Roh, M. Park, and C. Lee, Adv. Mater. 36, 2212220
(2024).

4L. E. Brus, J. Chem. Phys. 80, 4403 (1984).

5C. Murray, D. J. Norris, and M. G. Bawendi, J. Am. Chem. Soc.
115, 8706 (1993).

6Y .-S. Park, J. Roh, B. T. Diroll, R. D. Schaller, and V. I. Klimov,
Nat. Rev. Mater. 6, 382 (2021).

"T. Lee, B. J. Kim, H. Lee, D. Hahm, W. K. Bae, J. Lim, and
J. Kwak, Adv. Mater. 34, 2106276 (2022).

8G. H. Carey, A. L. Abdelhady, Z. Ning, S. M. Thon, O. M. Bakr,
and E. H. Sargent, Chem. Rev. 115, 12732 (2015).

9D. A. Hanifi, N. D. Bronstein, B. A. Koscher, Z. Nett, J. K.
Swabeck, K. Takano, A. M. Schwartzberg, L. Maserati, K. Van-
dewal, Y. van de Burgt, et al., Science 363, 1199 (2019).

10N. J. Orfield, J. R. McBride, J. D. Keene, L. M. Davis, and S. J.
Rosenthal, ACS Nano 9, 831 (2015).

I1C. Giansante and I. Infante, J. Phys. Chem. Lett. 8, 5209 (2017),
publisher: American Chemical Society.

12H. Baek, S. Kang, J. Heo, S. Choi, R. Kim, K. Kim, N. Ahn,
Y.-G. Yoon, T. Lee, J. B. Chang, et al., Nat. Commun. 15, 1671
(2024).

13T, Steenbock, E. Drescher, T. Dittmann, and G. Bester, Chem.
Mater. 36, 6504 (2024).

14A. J. Houtepen, Z. Hens, J. S. Owen, and I. Infante, Chem.
Mater. 29, 752 (2017), ISSN 0897-4756, publisher: American
Chemical Society.

15N. P. Brawand, M. B. Goldey, M. Vérés, and G. Galli, Chem.
Mater. 29, 1255 (2017), ISSN 0897-4756, publisher: American
Chemical Society.

16T, Goldzak, A. R. Mclsaac, and T. Van Voorhis, Nat. Commun.
12, 890 (2021).

17C. Yan, D. Weinberg, D. Jasrasaria, M. A. Kolaczkowski, Z.-j.
Liu, J. P. Philbin, A. D. Balan, Y. Liu, A. M. Schwartzberg,
E. Rabani, et al., ACS Nano 15, 2281 (2020).

18]. K. Utterback, A. N. Grennell, M. B. Wilker, O. M. Pearce,
J. D. Eaves, and G. Dukovic, Nat. Chem. 8, 1061 (2016).

19R. P. Cline, J. K. Utterback, S. E. Strong, G. Dukovic, and J. D.
Eaves, J. Phys. Chem. Lett. 9, 3532 (2018).

20G. Allan and C. Delerue, Phys. Rev. B 79, 195324 (2009).

21C. J. Delerue and M. Lannoo, Nanostructures: theory and mod-
eling (Springer Science & Business Media, 2013).

22D. Bozyigit, S. Volk, O. Yarema, and V. Wood, Nano Lett. 13,
5284 (2013).

23V. 1. Klimov, J. Phys. Chem. B 104, 6112 (2000).

24D. F. Underwood, T. Kippeny, and S. J. Rosenthal, J. Phys.
Chem. B 105, 436 (2001).

258, L. Sewall, R. R. Cooney, K. E. H. Anderson, E. A. Dias, D. M.
Sagar, and P. Kambhampati, J. Chem. Phys. 129, 084701 (2008),
ISSN 0021-9606.

26M. Berthe, R. Stiufiuc, B. Grandidier, D. Deresmes, C. Delerue,
and D. Stiévenard, Science 319, 436 (2008).

27J. A. McGuire, M. Sykora, I. Robel, L. A. Padilha, J. Joo, J. M.
Pietryga, and V. I. Klimov, ACS nano 4, 6087 (2010).

28 A, Hisselbarth, A. Eychmiiller, and H. Weller, Chem. Phys. Let-
ters 203, 271 (1993).

29D. J. Norris, A. Sacra, C. Murray, and M. Bawendi, Phys. Rev.
Lett. 72, 2612 (1994).

30N. Chestnoy, T. D. Harris, R. Hull, and L. E. Brus, J. Phys.
Chem. 90, 3393 (1986).

31, Mooney, M. M. Krause, J. I. Saari, and P. Kambhampati,
Phys. Rev. B 87, 081201 (2013), publisher: American Physical
Society.

32J. Mooney, M. M. Krause, J. I. Saari, and P. Kambhampati, J.
Chem. Phys. 138, 204705 (2013), ISSN 0021-9606.

33W. T. Read and W. Shockley, Phys. Rev. 78, 275 (1950).

34R. N. Hall, Phys. Rev. 87, 387 (1952).

35F. Pevere, F. Sangghaleh, B. Bruhn, I. Sychugov, and J. Linnros,
ACS Photonics 5, 2990 (2018), publisher: American Chemical
Society.

36M. Jones, S. S. Lo, and G. D. Scholes, PNAS 106, 3011 (2009),
publisher: Proceedings of the National Academy of Sciences.

37J. Liu, S. V. Kilina, S. Tretiak, and O. V. Prezhdo, ACS Nano
9, 9106 (2015).

38E. Alexander, M. Kick, A. R. MclIsaac, and T. Van Voorhis, Nano
Lett. 24, 7227 (2024).

390. V. Prezhdo, Acc. Chem. Res. 42, 2005 (2009).

40D, Jasrasaria, D. Weinberg, J. P. Philbin, and E. Rabani, J.
Chem. Phys. 157 (2022).

41T, K. Bergstresser and M. L. Cohen, Phys. Rev. 164, 1069
(1967).

421,.-W. Wang and A. Zunger, Physical Review B 51, 17398 (1995).

43H. Fu and A. Zunger, Phys. Rev. B 56, 1496 (1997), publisher:
American Physical Society.

44D. Jasrasaria and E. Rabani, Nano Lett. 21, 8741 (2021).

45D. Jasrasaria and E. Rabani, npj Comput. Mater. 9, 145 (2023).

46K. Lin, D. Jasrasaria, J. J. Yoo, M. Bawendi, H. Utzat, and
E. Rabani, J. Phys. Chem. Lett. 14, 7241 (2023), publisher:
American Chemical Society.

47B. Hou, M. Thoss, U. Banin, and E. Rabani, Nat. Commun. 14,
3073 (2023).

48M. J. Coley-O’Rourke, B. Hou, S. J. Sherman, G. Dukovic, and
E. Rabani, Nano Lett. 25, 244 (2024).

49X. W. Zhou, D. K. Ward, J. E. Martin, F. B. van Swol, J. L.
Cruz-Campa, and D. Zubia, Phys. Rev. B 88, 085309 (2013),
ISSN 1098-0121, 1550-235X.

50K. L. Sowers, Z. Hou, J. J. Peterson, B. Swartz, S. Pal,
O. Prezhdo, and T. D. Krauss, Chem. Phys. 471, 24 (2016).

51C. Pu and X. Peng, J. Am. Chem. Soc. 138, 8134 (2016).

52A. Puzder, A. Williamson, F. Gygi, and G. Galli, Phys. Rev.
Lett. 92, 217401 (2004).



533, He, N. Ghorai, A. Ashokan, S. T. Gebre, Z. Yang, and T. Lian,
Angew. Chem. p. €202503972 (2025).

54M. Fu and A. Zunger, Phys. Rev. B 55, 1642 (1997).

55D. Jasrasaria, J. P. Philbin, C. Yan, D. Weinberg, A. P.
Alivisatos, and E. Rabani, J. Phys. Chem. C 124, 17372 (2020).

56M. Rohlfing and S. G. Louie, Phys. Rev. B 62, 4927 (2000).

57H. Eshet, M. Grunwald, and E. Rabani, Nano Lett. 13, 5880
(2013).

585. F. Wuister, C. de Mello Donega, and A. Meijerink, J. Phys.
Chem. B 108, 17393 (2004).

59M. Califano, A. Franceschetti, and A. Zunger, Nano Lett. 5, 2360
(2005), ISSN 1530-6984, publisher: American Chemical Society.

60M. Califano and F. M. Gomez-Campos, Nano Lett. 13, 2047
(2013).

61A. Veamatahau, B. Jiang, T. Seifert, S. Makuta, K. Latham,
M. Kanehara, T. Teranishi, and Y. Tachibana, Phys. Chem.
Chem. Phys. 17, 2850 (2015).

62Y. Shu, B. S. Fales, and B. G. Levine, Nano Lett. 15, 6247 (2015).

63W .-T. Peng, B. S. Fales, Y. Shu, and B. G. Levine, Chem. Sci.
9, 681 (2018).

64M. R. Salvador, M. W. Graham, and G. D. Scholes, J. Chem.
Phys. 125 (2006).

65C. Lin, K. Gong, D. F. Kelley, and A. M. Kelley, ACS Nano 9,
8131 (2015).

66N. Yazdani, S. Volk, O. Yarema, M. Yarema, and V. Wood, ACS
Photonics 7, 1088 (2020).

67D, Bozyigit, N. Yazdani, M. Yarema, O. Yarema, W. M. M.
Lin, S. Volk, K. Vuttivorakulchai, M. Luisier, F. Juranyi, and
V. Wood, Nature 531, 618 (2016).

68V . Srivastava, W. Liu, E. M. Janke, V. Kamysbayev, A. S. Fi-
latov, C.-J. Sun, B. Lee, T. Rajh, R. D. Schaller, and D. V.
Talapin, Nano Lett. 17, 2094 (2017).

69B. Guzelturk, B. L. Cotts, D. Jasrasaria, J. P. Philbin, D. A.
Hanifi, B. A. Koscher, A. D. Balan, E. Curling, M. Zajac, S. Park,
et al., Nat. Commun. 12, 1860 (2021).

70Y. Jin, M. Govoni, G. Wolfowicz, S. E. Sullivan, F. J. Heremans,
D. D. Awschalom, and G. Galli, Phys. Rev. Mater. 5, 084603
(2021).

717. Dai, C. Lian, J. Lafuente-Bartolome, and F. Giustino, Phys.
Rev. Lett. 132, 036902 (2024).

72A. Nitzan, Chemical Dynamics in Condensed Phases: Relaz-
ation, Transfer and Reactions in Condensed Molecular Systems
(Oxford University Press, 2006), ISBN 9780198529798.

73K. Peng and E. Rabani, Nano Lett. 23, 10587 (2023).

74A. F. Izmaylov, D. Mendive-Tapia, M. J. Bearpark, M. A. Robb,
J. C. Tully, and M. J. Frisch, J. Chem. Phys. 135 (2011).

75A. Nitzan, S. Mukamel, and J. Jortner, J. Chem. Phys. 63, 200
(1975).

76p. Kambhampati, J. Phys. Chem. C 115, 22089 (2011), ISSN
1932-7447, publisher: American Chemical Society.

77P. Kambhampati, Chem. Phys. 446, 92 (2015), ISSN 0301-0104.

"8R. Jiang, H. Wu, D. Manzani, W. Zhang, and C. Liu, Appl. Surf.
Sci. 622, 156931 (2023).



Supporting Information:
Unraveling Exciton Trap Dynamics and
Nonradiative Loss Pathways in Quantum Dots

via Atomistic Simulations

Bokang Hou,*' Salvatore Gatto,* Samuel Rudge,i Johan E. Runeson,} Michael

Thoss,* and Eran Rabanif

T Department of Chemistry, University of California, Berkeley, California 94720, United
States;
TInstitute of Physics, Albert-Ludwigs University Freiburg, Hermann-Herder-Straffe 3, 79104
Freiburg, Germany;
Y Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California
94720, United States;
§The Raymond and Beverly Sackler Center of Computational Molecular and Materials
Science, Tel Aviv University, Tel Aviv 69978, Israel;

E-mail: bkhou®berkeley.edu

QD Configuration

The CdSe-CdS core-shell colloidal quantum dot (QD) monomer was constructed by adding
CdS shells to a faceted CdSe core seed with a lattice constant of bulk wurtzite CdSe

(a =43 A, ¢ = /8a). Each QD has a diameter of 3.5 nm with a CdSe core of 2.0 nm

S-1



(CdrosSe1085690)- The structures were minimized with Stillinger-Weber force field parameter-
ized for II-VI nanostructures implemented in LAMMPS.552 The defect state is introduced

by removing one of the passivation ligands of sulfur atom on [001] plane.

Pseudopotential Calculation

The semi-empirical pseudopotential model was employed to calculate the quasi-electron and

hole states of the QD NC. The local screened pseudopotentials were fitted to a functional

form in the reciprocal space asS?

Q2 —
asexp (asq?) — 1

0(q) = ag [1 + a4 Tr € (S1)

where ¢ is the magnitude of momentum vector, € is the strain tensor, and ag to a4 are
fitting parameters for Cd, Se, and S, which are tabulated in the Supplementary Table 1. The
parameters were fitted simultaneously to the bulk band structures and deformation potentials
of CdSe and CdS to capture the electronic and vibronic properties of the nanocrystals. The

real-space quasi-electron Hamiltonian h(r) was given by54 56

() = =392+ 3 v (e~ Rayl) (52)

where v,,(r) is the real-space pseudopotential for atom i, obtained from the Fourier transform
of 9(q). Filter diagonalization technique was then applied to obtain quasi-electron states
¥;(r) above the conduction band edge. The calculations were performed on real-space grids
smaller than 0.7 a.u., ensuring eigenenergies converged to less than 1072 meV, and sequential

calculations of electron-phonon couplings were converged.

S-2



Table S1: Pseudopotential parameters in Eq. (S1) for Cd, Se, and S atoms. All parameters
are given in atomic units.

) aq a2 as Qay

Cd | -31.4518 | 1.3890 | -0.0502 | 1.6603 | 0.0586
Se 8.4921 | 4.3513 | 1.3600 | 0.3227 | 0.1746
S 7.6697 | 4.5192 | 1.3456 | 0.3035 | 0.2087

Bethe—Salpeter Equation

The exciton states are represented as linear combinations of non-interacting electron and

hole statesS758

[a) = ) chdldiliy) (S3)

a€elec
i€hole

where df (d) are fermionic creation (annihilation) operators, a, i label the electron and hole
state respectively, and n labels (defect or intrinsic) excitonic states. The BSE coefficient ¢};

is determined from Bethe-Salpeter equation (BSE)

(B0 = ) ey = 3 (K, + Kiy) i (59
beelec
j€hole

where Ae,; = ¢, — ;. K%, and K% . are the electron-hole kernels for the screened direct

ai;bj ai;bj
Coulomb attraction and exchange interaction. In the calculation, 64 electron states and 100

hole states are used to converge the exciton energies.

Phonon Couplings of Intrinsic and Defect Excitons

In the crude adiabatic approximation, the exciton couplings in the atomic coordinates R

relative to the ground state are denoted as
v, )
m - 5nm g
(aRuk Ry v > <¢

S-3
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where the derivatives of the pseudopotential with respect to the nuclear coordinate < a%i)
nk ) R,
is taken at the equilibrium configuration Ry. The pseudopotential derivative operator can
be written in the 2nd quantization as
ov, (lr — Ry|)
“Tk“ = 0 (R dids, (S6)
m

rs

where indices r and s run over all the electron and hole states. Using Eqgs. (S3), (S5) and

(S6), the couplings between two excitonic states V#* in the atomic corrdinates can then be

written as®?
ov ov
Vritn]i - 77Z}n ( = ) wm - 6nm ¢g (_N) ¢g

< 8Ruk’ Ry aR,uk Ro

= 3 ety X e () (98|l ) 6o Sl )
ab€eelec TS i€hole
ij€hole

- Z C:LL,iClT)r,LiU:zb,uk (Rﬂk) - Z ca zca,jvm uk (Rﬂk) )
ab€elec acelec
i€hole ij€hole

where a, b indices are summed over electron states, 7, j indices are summed over hole states
and atomic coordinates label u € 1... Nyoms, £ € x,y, 2. Similarly, the couplings between

the excitonic states to the ground state are

Vltk ¢n| Z Urs uk Mk) d d |¢g> Z Z Cnt ;s ,uk Mk) <¢9| djdadlds |77/}9> (88)

a€elec rs
i€hole
nk ./ _ nk, /
§ § :C a,iVrs ,uk ) 50T5i5 - E Ca,iVai,pk (Rllk) : (89)
a€elec rs a€elec
i€hole i€hole

The transformation between normal mode and atomic coordinate is Q, = > kA /mu B (R

R,k 0), which leads to the definition of electron-phonon couplings

o 1
Vnm = Z —/—Euk,avn/ﬁa acl... 3Natoms — 6. (810)

m
ok K
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The spectral density characterizing the structure of exciton-phonon couplings is defined as

ve )’
Tom(@) =7 %5@ —Wa) =T Y Wa A, 0w — w) (S11)
where the mode-wise reorganization energy A, = WQTZJ—";)Q and total reorganization energy

is defined as A, = >, A%,. The spectral density is normalized as A\, = % f dean(w)'

Figure 2 in the main text shows the spectral density with broadening of the Delta function

_ (wfwa)Q .
as 0w — wy) = O_\}Ee 202 and the broadening factor o = 0.1 meV.

Model Hamiltonian

Based on the BSE and calculation of exciton-phonon couplings, we can write out the model

Hamiltonian for QDs as
Hqop =FE 1P2 Lo
QD — g‘w9> <¢g’+z 2 a+2wa o

+ 0y (EfnéanV;:em@a) [Ven) (Werl + D [e,) (] V2 Qa + hoc.

n,meexct neexct
«
(S12)

+ Y (Egn(snm + ngﬂdea> Ya,) (Va |

n,medef

+ D 4 (Wen Vie, Qo+ D [Wa,) (| Vi, Qa + hec.

néedef, nedef
meexct «
«

where E; (E, = 0 as a reference), E) and Ej are energies of ground state, excitonic
states and defect state at equilibrium configuration (Q = 0), calculated from BSE. V',
are intrinsic exciton-phonon couplings among excitonic states, and V;* = are intrinsic exciton-
phonon couplings between one intrinsic exciton state and the ground state. Those couplings
are not scales since they have been carefully parameterized and tested. Vg ; —are vibronic

couplings that involve at least one defect state and are scaled according to the following
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scheme. We scale the diagonal phonon coupling of the defect by aVg ; and off-diagonal
coupling by 0Vg , , where (a,b <1, n € defect, m € exciton or ground state). Note that
for the reorganization energy A5%° = a*A4,q4, and )\fl‘ia;fdm = b*)\4,4,- We want to control
the scaled reorganization energy for the lowest defect state to be \yy = )\Z‘ﬁ}f =01-06

eV and off-diagonal with the lowest exciton state to be Aoy = )\Z‘i?}f = 0.1 meV.

Polaron-Transformed Quantum Master Equation

Before deriving the quantum master equation, we first simplify the notation of the model

Hamiltonian

HQD = Hex + Hnu + Hex—nu (813)

Hex = ZEn |¢n> <¢n‘ (Sl4)
Pa2 1 22

Hyy = ; 5+ Swale (S15)

Hex—nu - Z |wn> <¢m| Z VnamQOé (816)

where we suppress the labels for intrinsic and defect excitons. To treat the strong diag-
onal exciton-phonon couplings, we transform the original Hamiltonian into the polaron-

transformed framework

Hop =Y Eiln)(n]+>_ %‘3 + %ngi + 3 ) (ml e Vi Qae 5

n#m a

= ]Z[ex + Hnu + ]:[exfnu

where the polaron energy &, = F,,—\,,, and the displaced operator e*» = exp{ —% > %Pa}.

a w2

We define the zero-th order Hamiltonian Hy = I:Iel + Hou+ <I:Iel_nu> , and the perturbation

H = Hy_,y — <I~{e17nu> . Note that <]:[elfnu> ~ 0 in the full polaron transformation

nu

framework.%” The dynamics of the reduced density matrix &(¢) under the second-order ap-
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proximation to the memory kernel is given by

a&gg(t) = i Gaom(8) + D K pa(£) (). (S17)

where the approximated memory kernel can be written as

Knm,kl(t) - le,nk (ta wkn) + Rzn,ml(t> wlm) - 5lm Z Rnr,rk (t, wkr) - 5nk Z R:mw’l (t, wlr)-

(S18)
The Redfield tensor
1 t
anJd(t,OJ) hz/ dTCnm k:l( ) ZWTa (819)
and the correlation function can be written analytically asS!°
Coam gt () = [ bt () Rt (8) + L g2 ()] oo (2)
Va @ twat —iWa Vam «@ «
Pt (1) = Z %) 2 (Vi — Vi) [nae™et — (ng + 1)e '] — 2t (Ve + Ve )
hV“ Vv : ,
l t PV am Y kL N iwat N 1 —iweat

1 a a a a —iWa Woy
Sg’kl(t> = &XPp { Z 2%3 (me - Vnn) (ka - ‘/ll ) [(na + 1) e ! + Nt t]

1 e a2 o a2 1
- 2hwg [(me _Vnn) + (ka_‘/ll> ] <na+ §> }

where the average thermal occupation n, = 1/(e“e/*T) — 1)

Multi-Defect Population

Figure S1 shows the individual multi-defect population dynamics corresponding to Figure 3

in the main text.
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(a) Aepy = -0.11 eV, Ayg = 0.11 eV

(b) Agpe = -0.11 eV, Agy = 0.21 eV
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Figure S1: Exciton dynamics in the presence of multiple defect states. Each intrinsic exciton
(blue) and defect (red), and ground states (black) are plotted.

Averaged quantum yield

For the intrinsic exciton states, define the averaged radiative recombination rate kér), aver-

aged nonradiative recombination rate kém) and the rate of trapping into the defect state k;.

The probability for direct radiative decay from exciton states is

kY
rad — k‘ér) N kém) N kta
and the probability for trapping is
k
P t
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The defect states decay radiatively with rate k((ir) and nonradiatively with rate kc(lnr). Hence,

the radiative quantum yield in for defects is

dd = k—((ir) .
raf ka(lr) + kc(lnr)

The averaged quantum yield can be calculated by the sum of the two pathways

(T)qd:Pread_‘_Pt'Prid

= ke + ki : Ky
R R R e R A

This derivation assumes first-order kinetics and ignores detrapping. Note that /{:C(lr) < k;((jnr)

and £ > g,
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