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ARTICLE OPEN

Circumventing the phonon bottleneck by multiphonon-
mediated hot exciton cooling at the nanoscale
Dipti Jasrasaria 1,4✉ and Eran Rabani 1,2,3✉

Nonradiative processes govern efficiencies of semiconductor nanocrystal (NC)-based devices. A central process is hot exciton
cooling, or the nonradiative relaxation of a highly excited electron/hole pair to form a band-edge exciton. Due to quantum
confinement effects, the timescale and mechanism of cooling are not well understood. A mismatch between electronic energy
gaps and phonon frequencies has led to the hypothesis of a phonon bottleneck and extremely slow cooling, while enhanced
electron-hole interactions have suggested ultrafast cooling. Experimental measurements of the cooling timescale range six orders
of magnitude. Here, we develop an atomistic approach to describe phonon-mediated exciton dynamics and simulate cooling in
NCs of experimentally relevant sizes. We find that cooling occurs on ~30 fs timescales in CdSe NCs, in agreement with the most
recent measurements, and that the phonon bottleneck is circumvented through a cascade of multiphonon-mediated relaxation
events. Furthermore, we identify NC handles for tuning the cooling timescale.

npj Computational Materials           (2023) 9:145 ; https://doi.org/10.1038/s41524-023-01102-8

INTRODUCTION
Understanding mechanisms of nonradiative decay of electronic
excited states in semiconductor nanocrystals (NCs) is key to
developing NC-based technologies with decreased thermal losses
and increased device efficiencies1–6. When a NC is excited by a
photon with an energy larger than that of the NC band gap, the
absorbed photon generates a highly excited electron-hole pair.
The process by which these excited, or “hot”, carriers nonradia-
tively relax to form a band edge exciton is often referred to as “hot
exciton cooling7,8.” In bulk semiconductors, Fröhlich and deforma-
tion potential interactions between excitons and phonons, as well
as continuous densities of electronic and phonon states, allow for
efficient hot exciton cooling that occurs on timescales of ~1 ps or
less9–11. However, in semiconductor NCs, confinement changes
the nature of exciton-phonon coupling (EXPC) and leads to the
discretization of both electronic and phonon states. These
qualitative changes have led to open questions regarding the
timescales and mechanisms of hot exciton cooling in confined
semiconductor materials7,8,12,13.
In a picture of noninteracting electrons and holes, the hot

electron and hot hole would relax independently from one
another. The hole, which has a heavier effective mass than the
electron in most II-VI and III-V semiconductors, has a higher
density of states with energy gaps that are on the order of the
phonon frequencies in the system14. Thus, resonance conditions
required for hole relaxation via single-phonon emission can be
easily satisfied, and the hole can relax quickly to the band edge.
The electron, however, has energy gaps, especially near the
conduction band edge, that can be hundreds of meV, which is an
order of magnitude larger than the typical optical phonon
frequencies in the system14. This energy mismatch has led to
the hypothesis of a phonon bottleneck in NCs15, where hot
electron cooling via phonon emission would require a multi-
phonon process, as depicted in Fig. 1a. The simultaneous emission

of tens of phonons would be inefficient16, leading to very slow
relaxation.
Experimental measurements of this cooling process in NCs rely

on time-resolved spectroscopy, such as transient absorption, and
have yielded conflicting results. Some experiments show slow
relaxation that occurs on timescales of 10 ps or longer17–23, which
supports the phonon bottleneck hypothesis. These measurements
were primarily performed on larger, self-assembled III-V NCs24,
which are in the weak confinement regime and which tend to
have many localized trap states associated with structural defects.
Other experiments, especially on colloidal II-VI NCs in the strong
confinement regime, have observed relaxation that occurs within
hundreds of femtoseconds with carrier energy loss rates that are
much faster than those of bulk carriers25–31.
This fast relaxation of strongly confined electron-hole pairs was

attributed to an Auger-assisted cooling mechanism that circum-
vents the phonon bottleneck through Coulomb-mediated inter-
actions between the electron and hole32,33. In this mechanism,
illustrated schematically in Fig. 1b, the hot hole quickly relaxes to
the band edge via phonon emission. Then, the hot electron
relaxes to the band edge by nonradiatively re-exciting the hole in
an Auger-like process, and finally, the hole relaxes again. The
Auger cooling mechanism has been supported by observations
that relaxation is faster in smaller NCs25,26,28,30,34, in which
electron-hole correlations are larger and Auger rates are faster35.
Additionally, relaxation timescales increase drastically in NCs that
are passivated with hole-accepting pyridine ligands20,27,36, indicat-
ing that electron-hole correlations are important in the cooling
mechanism. Other studies suggest that fast relaxation is due to
efficient multiphonon emission28 or due to the coupling of
electrons and/or holes to the vibrational modes of surface
passivating ligands31,36.
While the Auger cooling mechanism provides an avenue for

breaking the phonon bottleneck, it lacks essential physics for a
complete description of hot exciton cooling in NCs. For example,
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electron-hole interactions, which are enhanced in confined
semiconductors14, are only considered perturbatively. Further-
more, the Auger cooling mechanism lacks the mechanistic details
of the rapid hole relaxation and, for certain systems31,37, may
result in a hole phonon bottleneck when multiphonon relaxation
pathways are assumed to be negligible.
The computational challenges38–44 associated with accurately

calculating excitons and their phonon-mediated dynamics in
systems with thousands of valence electrons and hundreds of
atoms have made it difficult to delineate the mechanism of hot
exciton cooling and its dependence on NC properties, such as size
and material composition7,8. A fundamental understanding of this
process may offer rational design principles for NCs with tuned
cooling timescales that are optimized for different NC-based
applications4,12,23,45.
Here, we develop an atomistic theory to describe hot exciton

cooling in II-VI NCs of experimentally relevant sizes. Our frame-
work describes phonon-mediated transitions between excitonic
states, which inherently include electron-hole correlations (Fig. 1c).
Furthermore, we accurately describe the exciton-phonon cou-
plings (EXPC)46,47 and include multiphonon-mediated excitonic
transitions. We use a master equation approach, which assumes
weak EXPC, to propagate exciton population dynamics.

The timescales and exciton decay mechanism emerge naturally
in our approach. We find that cooling occurs on timescales of tens
of femtoseconds in wurtzite CdSe NCs, in agreement with
measurements26,30, and occurs an order of magnitude slower in
wurtzite CdSe-CdS core-shell NCs due to the weaker EXPC in these
systems. We show that this ultrafast timescale is governed by both
electron-hole correlations and multiphonon emission processes,
which are made efficient by the quasi-continuous manifold of
phonon states in NCs. Our results are consistent with the picture
emerging from the Auger-assisted relaxation mechanism, but, in
addition, we attribute the lack of a phonon bottleneck to the
important role of multiphonon emission processes.

RESULTS AND DISCUSSION
Describing phonon-mediated exciton cooling
We adopt the following Hamiltonian to describe a manifold of
excitonic states coupled to vibrational modes, with EXPC
expanded to the lowest order in the atomic displacements:46

H ¼
X

n

En ψnj i ψnh j þ
X

α

_ωαb
y
αbα þ

X

αnm

Vα
n;m ψnj i ψmh jqα : (1)

The excitonic energies, En, and states, ψnj i, as well as the EXPC
matrix elements, Vα

n;m, were calculated using the semiempirical
pseudopotential method coupled with the Bethe-Salpeter equa-
tion (see Jasrasaria et al.14,46 and the SI for more details). Phonon
modes and frequencies, ωα, were obtained by diagonalizing the
dynamical matrix computed using a previously-parameterized
atomic force field48.
In Fig. 2a we show the density of excitonic states scaled by the

oscillator strengths for a typical CdSe NC with a diameter of 3.9
nm, as well as the corresponding linear absorption spectrum. We
find that the underlying density of excitonic states is relatively
high due to the dense spectrum of hole states. Some of these
excitonic states correspond to bright transitions from the ground
state with large oscillator strengths, while others correspond to
dim transitions for which the oscillator strengths are small. Note
that we only show the bright/dim states, and the dark (spin-
forbidden) transitions are not shown. The linear absorption
spectrum shows several distinct features, in agreement with
experiments26,49, that are governed by a few excitonic transitions
with large oscillator strengths. We label the main transitions as 1S
and 1P, following the literature convention. With the dense
manifold of excitonic states, the relaxation from the 1P excitonic
state, in which the exciton electron is primarily composed of p-like,
single-particle electron states, to the 1S ground excitonic state, in
which both the exciton electron and hole are primarily comprised
of band edge single-particle states, should occur through a
cascade of phonon-mediated transitions, where both bright and
dim excitonic states are involved.
We first consider the limit of single-phonon processes. We

adopt the Redfield equation50 and propagate the reduced density
matrix, which describes the subspace of excitons, using a
quantum master equation that is perturbative to second order
in the EXPC, as the EXPC is weak compared to other energy scales
in the NCs studied here. The dynamics of the exciton populations
and coherences are coupled very weakly in these systems, and
thus we only model the population dynamics. In this limit, the
Redfield equation reduces to a kinetic master equation for the
populations, where the transition rates are given by the time-
dependent golden rule rates. The phonon-mediated transition
rate between excitonic states n and m is given by

Γn!mðtÞ ¼ 1

_2

Z t

�t
dτeiðEn�EmÞτ=_

X

α

Vα
n;mV

α
m;nhqαðτÞqαð0Þieq ; (2)

where 〈… 〉eq denotes an equilibrium average over bath
coordinates. We computed these rates for all excitonic transitions

Fig. 1 Proposed mechanisms of hot exciton cooling. a The
phonon bottleneck refers to phonon-mediated, hot electron
relaxation near the band edge, which would require the simulta-
neous emission of several of phonons due to the large energy gaps
between these single-particle electronic states. b The Auger-assisted
cooling mechanism involves Coulomb-mediated interactions
between electron and hole states. The hole first relaxes to the band
edge via phonon emission. Then, the electron relaxes by re-exciting
the hole, which then relaxes to the band edge once more. c Our
formalism includes both electron-hole correlations and exciton-
phonon interactions, circumventing the phonon bottleneck through
a cascade of phonon-mediated transitions between excitonic states
with smaller energy gaps.
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and used them to build a kinetic master equation and propagate
phonon-mediated exciton dynamics:

_pnðtÞ ¼
X

m≠n

Γm!nðtÞpmðtÞ � Γn!mðtÞpnðtÞð Þ ; (3)

where pn(t) is the population of state n at time t. We then
calculated the average energy above equilibrium, hΔEðtÞi ¼P

nEn pnðtÞ � pn;eq
� �

, where pn;eq ¼ e�βEn=
P

me
�βEm

� �
is the popu-

lation of state n at thermal equilibrium and β ¼ ðkBTÞ�1.
Because Eq. (1) describes the EXPC to first order in the phonon

mode coordinates, the golden rule rates given by Eq. (2) only
account for excitonic transitions that occur via the absorption or
emission of a single phonon. While the largest energy gaps
between excitonic states are an order of magnitude smaller than
those between single-particle electron states, they can still be
larger than the phonon frequencies. Thus, transitions between
those excitonic states would require the simultaneous emission of
multiple phonons. Indeed, single-phonon-mediated cooling simu-
lations for CdSe NCs of different sizes show a phonon bottleneck
in NCs smaller than 4.7 nm in diameter (Fig. 2b). This phonon
bottleneck is especially significant in smaller NCs for which
confinement results in larger excitonic energy gaps, particularly at
low excitonic energies, preventing the hot exciton from fully
relaxing to the band edge through single-phonon emission.

Multiphonon emission
To account for multiphonon processes and maintain the simplicity
of the master equation, we performed a unitary polaron
transformation51–54 to the Hamiltonian in Eq. (1):

~H ¼ eSHe�S ; (4)

where

S ¼ � i
_

X

αk

ω�2
α pαV

α
k;k ψkj i ψkh j ; (5)

and pα is the momentum of phonon mode α. A detailed derivation
and description of the polaron-transformed Hamiltonian and its
consequences are given in the Supplementary Information.
With respect to the polaron-transformed Hamiltonian, golden

rule transition rates can be computed as

Γn!mðtÞ ¼ 1

_2

Z t

�t
dτeiðεn�εmÞτ=_hgn;mðτÞgm;nð0Þieq ; (6)

where εn≡ En− λn is the energy of exciton n scaled by its
reorganization energy, and gn;m � P

α
~V
α

n;mqα � ~λnm is the coupling
between the polaronic states n and m (see the SI for more details).

Again, we computed all transition rates to build a kinetic master
equation and propagate dynamics. Within this framework, we
calculate the average energy above thermal equilibrium as before;
namely, as hΔεðtÞi ¼ P

nεn pnðtÞ � pn;eq
� �

.
Note that gn,m includes exponential functions of the phonon

momenta, so multiphonon-mediated transitions are accounted for
even in the lowest order perturbation theory rate given by Eq. (6).
Including multiphonon processes enables transitions between
excitonic states that have energy differences that are larger than
the highest-frequency phonons. Multiphonon-mediated cooling
simulations show that all NC systems fully relax to thermal
equilibrium (Fig. 3a), indicating that multiphonon transitions
involving a few phonon modes are essential to the cooling
mechanism. Furthermore, the average energy relaxes within 100
fs, much faster within the single-phonon scheme. The simulated
average energy normalized to the energy of the thermal
equilibrium state for each CdSe NC is illustrated in Supplementary
Fig. 2.
Examining the transition rate as a function of transition energy

for a 3.9 nm CdSe NC, illustrated in Fig. 3b, demonstrates that the
single-phonon rates are larger for low-energy transitions, but
there are no single-phonon transitions between excitonic states
that have energy differences greater than ~32 meV (i.e., greater
than the largest phonon energy). The multiphonon rates, however,
cover the full range of transition energies. Importantly, multi-
phonon relaxation between excitonic states with energy differ-
ences of 100 meV or less consistently have relatively high rates
(ranging from 10−3− 102 ps−1 for multiphonon transitions as
compared to 0−102 ps−1 for single-phonon transitions). This
difference makes accessible many more relaxation channels and
leads to a cooling timescale that is an order of magnitude faster
than that resulting from single-phonon processes alone. The fast
multiphonon relaxation is a result of the large number of phonon
modes (approximately 3000 modes for a 3.9 nm CdSe NC) that
quasi-continuously span a wide frequency range and that are all
coupled, to some degree, to excitonic transitions. Thus, many
phonon combinations satisfy the energy conservation require-
ment for phonon-mediated exciton transitions, leading to efficient
relaxation via the emission of multiple phonons.
The asymmetry in rates about 0 meV transition energy reflects

detailed balance (see Methods for more details). Furthermore, Fig.
3b shows a Gaussian relationship between the transition energy
and the transition rate instead of the exponential dependence of
the rate on the energy that results from the assumption that only
the highest-frequency modes participate in nonradiative transi-
tions55. This result indicates that lower-frequency acoustic and
optical modes are important to this cooling process, extending

Fig. 2 Single-phonon-mediated hot exciton cooling. a The calculated linear absorption spectrum (top) and density of excitonic states
(bottom) for a 3.9 nm CdSe NC. The vertical lines in the top panel indicate the magnitude of the oscillator strength of the transition from the
ground state to that excitonic state. Cooling from the 1P to the 1S excitonic states, whose transitions are labeled in the absorption spectrum, is
the main subject of this work. b Single-phonon-mediated hot exciton cooling simulated for CdSe NCs of different sizes shows a phonon
bottleneck in smaller NCs because excitonic energy gaps in those systems are larger than the highest phonon frequencies.
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previous expectations that only high-frequency optical modes
would be responsible for cooling15,28.
Figure 3a also demonstrates that smaller NCs relax more quickly

to thermal equilibrium than larger NCs. Due to stronger quantum
confinement, smaller NCs have more energy to dissipate during
the cooling process. Smaller NCs also have larger excitonic gaps
and a smaller number of phonon modes. However, smaller NCs
have stronger EXPC than larger NCs46, resulting in overall faster
cooling timescales for smaller NCs.

Controlling the cooling timescales
The longer cooling timescales for larger CdSe NCs suggests that
controlling the magnitude of EXPC may allow for tuning of the hot
exciton cooling timescale. CdSe-CdS core-shell NCs have EXPC
that is about five times smaller than that of bare cores due to
suppression of exciton coupling to lower-frequency surface
modes46. Figure 4a compares simulations of the cooling process
for a 3.9 nm CdSe core and a 3.9 nm CdSe core with 3 monolayers
of CdS shell. Because of the quasi-type II band alignment in CdSe-
CdS core-shell NCs, the exciton hole is confined to the CdSe core
while the electron somewhat delocalizes into the CdS shell56. This
decreased quantum confinement leads to a smaller 1P-1S
excitonic gap in core-shell NCs, so hot excitons have less energy
to dissipate in core-shell NCs than in bare cores. However, cooling

still takes about five times longer in the core-shell NC as a result of
the weaker EXPC.
The multiphonon transition rates for both systems are shown in

Fig. 4b, demonstrating that rates are one or more orders of
magnitude smaller in the core-shell NC than in the bare core. For
transitions with energies of 100 meV or less, the multiphonon
relaxation rates range from 10−3− 102 ps−1 for the CdSe NC and
from 10−4− 101 ps−1 for the CdSe-CdS core-shell NC.
We can further understand the role of EXPC in the cooling

mechanism by examining the spectral densities, which describe
the phonon densities of states weighted by the EXPC, of the core
and core-shell NCs (Fig. 4c). The spectral density of the CdSe core
shows significant EXPC to acoustic modes with frequencies of 4.0
THz or less, as well as optical modes between 7.5 and 8.0 THz46,47.
The core-shell NC, however, has negligible EXPC at lower phonon
frequencies, as the presence of the CdS shell prevents coupling to
delocalized and surface-localized modes at those frequencies, but
it has slightly stronger coupling to the CdSe optical modes. These
results provide further evidence that both acoustic and optical
modes play an essential role in the cooling process. Exciton
coupling to phonons with a quasi-continuous frequency range
allows for resonance conditions to be more easily satisfied; for
every excitonic energy gap, a set of phonons with the
corresponding energy is easily found. However, exciton coupling

Fig. 4 Cooling in CdSe and CdSe-CdS core-shell NCs. a Hot exciton cooling simulated for a 3.9 nm CdSe NC and a 3.9 nm CdSe–3 monolayer
CdS core-shell NC. Cooling in the core-shell NC occurs five times slower due to reduced EXPC. b Multiphonon transition rates calculated for
the same CdSe and CdSe-CdS core-shell NCs, indicating that the rates for the core-shell NC are an order of magnitude smaller than that of the
bare CdSe NC. c Calculated spectral densities for the same CdSe and CdSe-CdS core-shell NCs. The core-shell NC shows stronger EXPC to the
CdSe optical modes (around 7.5 THz) than the bare CdSe NC. However, the bare CdSe NC has stronger coupling to lower- and mid-frequency
modes, demonstrating that exciton coupling to a quasi-continuous frequency range of phonons is essential for efficient multiphonon
relaxation.

Fig. 3 Multiphonon-mediated hot exciton cooling. a Hot exciton cooling simulated for CdSe cores of different sizes. The inclusion of
multiphonon processes allows all systems to relax to thermal equilibrium, eliminating the phonon bottleneck. b Exciton transition rates
calculated for a 3.9 nm CdSe NC within the single-phonon and multiphonon schemes. The single-phonon rates vanish for transition energies
larger than the greatest phonon frequency while the multiphonon rates cover a wide range of transition energies.
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to phonons only within a narrow energy range restricts the set of
phonons that would satisfy the necessary resonance conditions.

Energy loss rates
To allow for more meaningful comparison between our calcula-
tions and experimental measurements, we simulate changes in
the absorption spectrum of a system initially excited to the 1P
excitonic state as it relaxes to the 1S ground excitonic state.
Assuming that the electric field, E, is weak such that the
population of the ground state remains approximately 1 and that
the population of the excited state is proportional to E2, the
change in absorption is given by

Δσðω; tÞ ¼ σexcðωÞ � σgsðω; tÞ
/ ωE2 P

n
jμnj2pnðtÞδðω� EnÞ ; (7)

where μn is the transition dipole moment from the ground state to
excitonic state n and pn(t) is the population of excitonic state n at
time t.

The change in absorption, Δσ(ω, t), shows a fast decay of the 1P
excitonic peak and a slower rise of the 1S ground excitonic peak
(Supplementary Fig. 3). The dynamics of the rise of the 1S peak
reflect those of hot exciton cooling. For each system, the rise
dynamics were fit to an exponential function, and the extracted
timescale was divided by the energy difference between the 1P
and 1S excitonic peaks to yield an energy loss rate. The calculated
energy loss rates are illustrated in Fig. 5a along with those
measured experimentally using transient absorption spectro-
scopy26 and state-resolved pump-probe spectroscopy30 on
wurtzite CdSe NCs. In agreement with experiment, our simulations
show faster energy loss rates for smaller CdSe NCs. Smaller NCs
have larger excitonic gaps due to quantum confinement and a
smaller number of phonon modes, but they have stronger EXPC
than larger NCs. Similarly, core-shell NCs, which have significantly
weaker EXPC to lower-frequency acoustic modes46, show energy
loss rates that are an order of magnitude slower than those of
bare cores.
While Fig. 5a initially suggests that the calculated energy loss

rates for CdSe NCs are larger than the measured values (but within
the experimental error bars), those experiments use ~100 fs pulses
that obscure the observation of dynamics between states with
spectral overlap57, like those measured here, and they measure
NCs with very low photoluminescence quantum yields of around
1%, where carrier trapping may lead to dynamics that complicate
the hot exciton cooling process. Two-dimensional electronic
spectroscopy (ES) measurements, which are able to clearly resolve
the features corresponding to excitonic relaxation, on 3.5 nm CdSe
NCs show that hot exciton cooling from the higher-energy 1S
excitonic peak to the ground excitonic peak occurs within ~30
fs57, which is consistent with our findings. Furthermore, more
recent two-dimensional ES experiments observe that cooling
slows by an order of magnitude with the addition of a shell to a
CdSe core58, in agreement with our calculated results.
While changing the size and composition of NCs is one avenue

for tuning the cooling timescale, changing the temperature is
another. The energy loss rates for 2.2 nm CdSe and 3.9 nm CdSe
NCs simulated at different temperatures are illustrated in Fig. 5b.
For both NCs, the energy loss rates are ~0.1 eVps−1 at 10 K, and
they monotonically increase with temperature, as expected for
phonon-mediated processes. While both systems show a linear
relationship between energy loss rate and temperature, the rate
for the 2.2 nm NC shows a stronger dependence on temperature
than that of the 3.9 nm NC. This steeper scaling with increasing
temperature may be a result of the stronger quantum confine-
ment in the 2.2 nm NC, which leads to larger energy gaps
between excitonic states. Thus, multiphonon processes at larger
transition energies are more important. As those transition rates
are very sensitive to temperature (Supplementary Fig. 4), the
overall cooling process in smaller NCs has a stronger temperature
dependence. Interestingly, as shown in Supplementary Fig. 5, the
single-phonon-mediated cooling process also depends on tem-
perature, but the dynamics converge above a threshold tempera-
ture. The threshold temperature is ~300 K for the 2.2 nm CdSe NC,
while it is ~50 K for the 3.9 nm CdSe. Again, this result may be due
to the larger excitonic gaps in the smaller NC system. Note that
our model given by Eq. (1) includes EXPC to lowest order in the
phonon mode coordinates and ignores higher-order terms
(Duschinsky rotations), which may influence the hot exciton
cooling process at higher temperatures59.

Mechanistic insight
Finally, we investigate the mechanism underlying this ultrafast hot
exciton cooling process. We calculated the density of excitonic
states for a 3.9 nm CdSe NC and scaled it by the time-dependent
population, as illustrated in Fig. 6a. We see that cooling occurs via
a cascade of relaxation events through the manifold of excitonic

Fig. 5 Energy loss rates. a The energy loss rates calculated for CdSe
and CdSe-CdS core-shell NCs. Core-shell structures all have 3
monolayers of shell. The black symbols correspond to measure-
ments performed on CdSe NCs using transient absorption spectro-
scopy by Klimov et al.26 and state-resolved pump-probe
spectroscopy by Cooney et al.30 Vertical grey lines correspond to
experimental error bars. b The energy loss rates calculated for 2.2
nm CdSe and 3.9 nm CdSe NCs show a linear dependence on
temperature with a stronger temperature-dependence for the 2.2
nm CdSe NC.
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states, as opposed to being dominated by a single or a few higher-
energy nonradiative transitions, as expected previously15,16,28.
We wanted to understand the relationship between this

multiphonon-mediated hot exciton cooling mechanism (Fig. 1c)
and the Auger-assisted cooling mechanism (Fig. 1b), which was
first proposed to explain the breaking of the phonon bottleneck33.
The Auger relaxation event (i.e., the exchange of two electron-hole
pairs, as illustrated in the second panel of Fig. 1b) is inherently
included in the Bethe-Salpeter approach adopted here. Further-
more, in our excitonic picture, we see that the overall hot exciton
cooling process occurs via a cascade of relaxation events. Thus, to
make contact between our simulations and the Auger cooling
mechanism, we projected our simulated exciton cooling dynamics
for a 3.9 nm CdSe NC onto a single-particle picture of
noninteracting electron-hole pair states (see SI for more details).
As shown in Fig. 6b, we find that the Auger cooling mechanism
emerges naturally from our excitonic dynamics. The hole quickly
relaxes to the band edge via multiphonon emission followed by
electron relaxation by ~400 meV that results in hole re-excitation,
and then the hole once again relaxes to the band edge by
multiphonon emission. This result indicates that both Coulomb-
mediated electron-hole correlations, which are inherent in our
formalism, and multiphonon-mediated excitonic transitions are
required to circumvent the phonon bottleneck and lead to
ultrafast timescales of hot exciton cooling. These mechanistic
insights are consistent for core-shell NCs, as illustrated in
Supplementary Fig. 6.
In conclusion, hot exciton cooling in confined semiconductor

NCs involves rich physics, including electron-hole correlations,
EXPC, and multiphonon-mediated nonradiative transitions—all of
which are required to break the phonon bottleneck and enable
fast relaxation of hot excitons to the band edge. We have
developed an atomistic theory that describes multiphonon-
mediated exciton dynamics in NCs of experimentally relevant
sizes. Our approach yields cooling timescales of tens of
femtoseconds, which are consistent with measurements of similar
systems. These ultrafast timescales are enabled by a cascade of
multiphonon-mediated transitions between excitonic states that
are relatively close in energy. These nonradiative transitions are
efficient, as the excitons are coupled to a large number of phonon
modes in NCs that span a wide frequency range. The timescale of
cooling is governed largely by the overall magnitude of EXPC, so
that larger cores show slower relaxation, and core-shell NCs show
relaxation that is slower by an order of magnitude.
Our approach provides fundamental insights to phonon-

mediated exciton dynamics at the nanoscale, which differ
significantly from those in molecular and bulk semiconductor
systems. These simulations provide a unified, microscopic theory
for hot exciton cooling in nanoscale systems that addresses
longstanding questions regarding the timescales and mechanisms

of this process and that provides design principles for NCs with
tuned EXPC and cooling timescales. The framework presented
here is sufficiently general that it can be used to study timescales
and mechanisms of exciton dephasing and carrier trapping.
Furthermore, it can be used to investigate dynamics in NCs of
different dimensionalities, such as in nanorods and nanoplatelets,
and materials, including III-V semiconductors, as long as EXPC is
weak. Further elucidating the principles of phonon-mediated
dynamics at the nanoscale is key to ultimately tuning these
processes to realize novel phenomena in NC systems and NC-
based applications with higher device efficiencies.

METHODS
As described in previous work46, CdSe and CdSe-CdS core-shell
structures were optimized via the LAMMPS molecular dynamics
code60 using Stillinger-Weber interatomic potentials48. The outer-
most atomic monolayer was then removed and the subsequent
monolayer was replaced by potentials representing the passiva-
tion layer. Nanostructure configurations are given in Supplemen-
tary Tables I and II and illustrated in Supplementary Fig. 1.
Electronic structure calculations were performed using the

semiempirical pseudopotential method61–63 with pseudopotential
parameters provided in Supplementary Table III. We used the filter
diagonalization technique to solve for single-particle electron and
hole states near the band edges and then used these as input to
the Bethe-Salpeter equation, which was solved to obtain
correlated electron-hole pair states35. The exciton-phonon cou-
plings were calculated within this framework46, and phonon
modes and frequencies were obtained by diagonalizing the
dynamical matrix computed using the same Stillinger-Weber
interatomic potentials48.
The correlation functions hgn;mðtÞgm;nð0Þieq in Eq. (6) were

evaluated within a harmonic approximation by sampling from a
thermal distribution of bath coordinates and propagating classical
trajectories. To facilitate convergence, we propagate and average
trajectories to short times and then approximate the correlation
functions as Gaussian functions. We also applied the standard
quantum correction scheme to impose detailed balance64. Thus,
the final transition rates are given by

Γn!mðtÞ ¼ 4

_2 1þ e�β_ðεn�εmÞ½ �
Z t

0
dτ cos ðεn � εmÞτ=_ð Þhgn;mðτÞgm;nð0Þieq :

(8)

We computed rates for all transitions and used them to build a
kinetic master equation (see Eq. (3)) and propagate phonon-
mediated exciton dynamics. Further details for all methods are
provided in the Supplementary Information.

Fig. 6 Mechanistic details of hot exciton cooling in CdSe NCs. a The calculated density of excitonic states of a 3.9 nm CdSe NC scaled by the
time-dependent population shows that hot exciton cooling occurs via a cascade of relaxation events. b Projection of exciton cooling dynamics
for the same CdSe NC onto a single-particle, electron/hole picture shows consistency with the Auger cooling mechanism. Hole relaxation is
followed by an Auger-like process that leads to electron relaxation to the band edge and hole re-excitation. The hole then relaxes again.
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