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Abstract

Exciton-phonon coupling (EXPC) plays a key role in the optoelectronic properties of semi-
conductor nanocrystals (NCs). Despite its importance, a microscopic picture of EXPC is still
lacking, particularly regarding the magnitude and scaling with NC size, the dependence on
phonon frequency, and the role of the NC surface. Due to the computational complexity asso-
ciated with accurately describing excitons and phonons, previous theoretical studies of EXPC
have been limited to small NCs, noninteracting electron-hole models, and/or a small number
of phonon modes. Here, we develop an atomistic approach for describing EXPC in NCs of ex-
perimentally relevant sizes. We validate our approach by calculating reorganization energies, a
measure of EXPC, for a series of CdSe and CdSe-CdS core-shell NCs, finding good agreement
with experimental measurements. We demonstrate that exciton formation distorts the NC lat-
tice primarily along the coordinates of low-frequency acoustic modes that are delocalized over
the entire NC. Modes at the NC surface play a significant role in smaller NCs while coupling
to interior modes dominates for larger systems.
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Semiconductor nanocrystals (NCs) are
promising for a variety of applications due
to their highly tunable optoelectronic proper-
ties. Many of these technologies, such as solar
cells,' lasers,* and bioimaging probes,® rely
on electronic excited states. Understanding the
non-radiative decay and dephasing of these ex-
cited states, which are dictated by the exciton-
phonon coupling (EXPC) in these systems, is

key to the rational design of NC-based technolo-
gies with reduced thermal losses and increased
quantum yields. A framework for calculating
accurate EXPC in NCs is essential for model-
ing observables like homogenous linewidths®”
and processes like phonon-mediated hot carrier
cooling® !t and charge transfer.'?

In bulk semiconductors, lower-frequency
acoustic modes, which involve in-phase move-
ments of atoms, couple to electronic degrees of
freedom via the deformation potential, which



describes how strain and deformation of the
crystal lattice change the excitonic energies.!?
In polar crystals, like CdSe and other IT-VI ma-
terials, the piezoelectric potential also couples
electrons and acoustic phonons, although its
effect is much weaker.!3!* Optical phonons are
higher in frequency and consist of out-of-phase
motions of atoms. They couple to the electronic
degrees of freedom through the Frohlich mech-
anism, or the interaction between the dipole
polarization field generated by optical phonons
and the excitonic charge density.'® While exci-
tons and phonons are expected to interact via
similar mechanisms in confined semiconductor
NCs, the effects of quantum confinement and
the resulting magnitudes of EXPC are still not
well understood.

Quantum confinement in NCs leads to the
discretization of excitonic states with energy
gaps that vary and can be much larger than the
typical phonon frequencies. Therefore, higher-
frequency optical phonons may be more rele-
vant than acoustic phonons in dynamical pro-
cesses, such as exciton dephasing or relaxation,
that occur via phonon absorption or emission,
regardless of the magnitude of their coupling to
excitons. Similarly, motion at the NC surface
may be important to exciton dynamics, even
if phonon modes localized near the surface are
weakly coupled to excitons. 17

Experimentally, these dynamical effects as
well as those of structural NC defects often con-
found measurements of the EXPC and have
thus led to conflicting results. Some obser-
vations indicate stronger EXPC to acoustic
modes, 2! and others show stronger EXPC to
optical modes.??2% From a theoretical perspec-
tive, #2737 progress has been limited due to
the computational complexity associated with
accurately describing excitons and phonons, to
which the magnitude of the resulting EXPC is
extremely sensitive,?? in NC systems of exper-
imentally relevant sizes. These challenges have
led to a set of outstanding questions regard-
ing EXPC in semiconductor NCs: the relative
coupling strengths of excitons to acoustic ver-
sus optical modes, the scaling of EXPC with
system size, and the role of the NC surface in
EXPC.

In this Letter, we introduce an atomistic
approach that provides a framework to ad-
dress these questions and bridges our under-
standing of EXPC in molecular and bulk sys-
tems to provide fundamental insight into EXPC
at the nanoscale. We focus on the intrin-
sic EXPC and compute reorganization energies
for wurtzite CdSe NCs with diameters rang-
ing from ~2-5 nm as well as CdSe-CdS core-
shell NCs to obtain a systematic understand-
ing of the EXPC and its dependence on NC
size, phonon frequency, and phonon localiza-
tion (surface versus interior). The reorganiza-
tion energies we calculate for CdSe NCs cor-
respond well to those obtained experimentally
by absorption and photoluminescence measure-
ments. Our results demonstrate that core-shell
NCs have smaller reorganization energies than
bare CdSe NCs, but EXPC to acoustic modes
that are delocalized across the NC contribute
more significantly to the reorganization energy
in all NC systems. Excitons in smaller NCs are
more strongly coupled to modes localized near
the surface of the NC, while excitons in larger
NCs are more strongly coupled to modes in the
interior of the NC.

We begin by stating the standard Hamil-
tonian that describes a manifold of excitonic
states and phonons that are coupled to first or-
der in the atomic displacements:3®

H= ZE 1) wn!+2hwbb
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where |¢,) is the wavefunction of exciton n
with energy E,, and bl and b, are the Bo-
son creation and annihilation operators, respec-
tively, of phonon mode « with frequency w,

and coordinate ¢, = 4/ % (bg + ba). Note that

the crystal momentum does not appear in this
Hamiltonian due to the lack of translational
symmetry in NC systems.

To obtain accurate descriptions of both the
excitons and phonons in Eq. (1), we develop
an atomistic approach that is computationally
feasible for NC systems of experimentally rele-
vant sizes. The excitonic states [1,) and their



corresponding energies F, in the first term of
Eq. (1) were obtained from atomistic electronic
structure calculations within the semi-empirical
pseudopotential method.3**! To compute the
quasiparticle (i.e. electron and hole) states
near the conduction and valence band edges,
respectively, we used the filter-diagonalization
technique®! with the single-particle Hamilto-
nian taken at the equilibrium configuration of
the nanocrystal,

1 2
h = —§V,.+Zvu(|r
I

where v, (|r — Ry,|) is the effective pseudopo-
tential for atom p with equilibrium position
R, ,. Excitonic (i.e. correlated electron-hole
pair) states are written as linear combinations
of product electron-hole states,

=S b (r) di(m) , (3)
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where the coefficients ¢j; are determined by
solving the Bethe-Salpeter equation.? In the
above equation, ¢, (r.) is the wavefunction of
an electron in orbital a, and ¢; (r},) is the wave-
function of a hole in orbital 7. This approach
has been shown to predict quantitatively ac-
curate excitonic properties, such as absorption
and emission spectra®® and Auger recombina-
tion lifetimes. 42

The phonon modes and frequencies in the sec-
ond term of Eq. (1) were modeled using previ-
ously parametrized Stillinger-Weber interaction
potentials.** The dynamical matrix, or mass-
weighted Hessian, was computed at the equi-
librium configuration: 46
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where U (R) is the Stillinger-Weber potential
energy of the surface, u,, = Ry — Ro ik is the
displacement of nucleus p away from its equi-
librium position in the k& € {x,y, 2z} direction,
and m,, is the mass of nucleus p. The normal
modes and corresponding frequencies were then
obtained by diagonalizing this 3/N x 3N dynam-
ical matrix, where NN is the number of atoms in

the NC.

The coupling between excitonic states and
phonons to lowest order in the phonon mode
coordinate is described by the third term of Eq.
(1). Within our electronic structure model, the

standard electron-phonon matrix element %47 is
equal to
pk v, (Ir — R,|)
Vn,m = % OR ¢m
wk Ro
=D Caichithn (Bu)
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Here, v, (|r — R,,|) is the atomic pseudopoten-
tial introduced in Eq. (2), ¢ (7) is the wave-
function of a single-particle electron state (s €
a,b) or hole state (s € i,j), and ¢}, are the
coefficients introduced in Eq. (3) that are ob-
tained from solving the Bethe-Salpeter equa-
tion. See the Supporting Information for a de-
tailed derivation of the matrix elements in Eq.
(5).

Note that the EXPC matrix element can be
split into two terms, as written in the last line
of Eq. (5). The first term describes the electron
channel, which couples excitons comprised of
different single-particle electron states but the
same hole state, and the second term describes
the hole channel, which couples excitons com-
prised of different hole states but the same elec-
tron state. These selection rules result from the
fact that the EXPC is a matrix element of a
one-body operator (Ov/0R). However, we em-
phasize that all calculations performed in this
work are within an interacting framework of
correlated electron-hole states, as illustrated in
the first line of Eq. (5).

The matrix elements in Eq. (5) are computed
directly and then transformed to phonon mode
coordinates to obtain the EXPC matrix ele-
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Figure 1: (a) The reorganization energy A corresponds to the energy associated with the rearrangement

of the lattice after a vertical excitation from the ground state |g) to the excited state |e).

The minima

of the ground and excited states are displaced by a distance d along the phonon mode coordinate q. (b)
Reorganization energies computed in this work for CdSe NCs of various diameters in comparison to values
from effective mass model-based calculations by Kelley?! and from experimental measurements by Bawendi
et al.*® and Scholes et al. '8 (left). Acoustic modes contribute more significantly to the reorganization energy

than optical modes (right).

ments in the third term of Eq. (1):

Vnojm = Z
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where e, 1, is the pk element of the o eigenvec-
tor of the dynamical matrix.

The matrix elements V7, describe how the
energy of excitonic state [i,) is renormalized
through its interaction with phonon mode «,
and the matrix elements V,"  describe how exci-
tonic states |i,) and |i,,) are coupled through
the absorption or emission of a phonon of mode
Q.

We validate our model through the computa-
tion of the reorganization energy for a series of
CdSe NCs. As illustrated schematically in Fig-
ure la, the reorganization energy A is the en-
ergy associated with the rearrangement of the
NC lattice after a vertical electronic excitation
(i.e. Condon approximation). In the harmonic
approximation, the total reorganization energy
for a NC is the sum of the reorganization ener-
gies for each mode, A =) A, where

1 1/1 2
Ay = = —BEn_ [ /@ )
7 zn: ¢ 2 (wa ”")

Eq. (8) includes a Boltzmann-weighted average
over excitonic states [,), where Z = Y e #Fn

(7)

(8)

is the partition function, and f = 1/kpT,
where T is the temperature. All excitonic states
included in the average at room temperature
(T = 298 K) have contributions mainly from
the LUMO and from several hole states near
the HOMO, consistent with the heavier effec-
tive mass of the hole and the larger density of
hole states.

The reorganization energies for wurtzite CdSe
cores with diameters of 2.2 nm, 3.0 nm, 3.9 nm,
and 4.7 nm were calculated to be between 90
and 30 meV (Figure 1b), which compare fa-
vorably with values obtained from a parame-
terized effective mass model3! and from room-
temperature absorption and photoluminescence
measurements of the Stokes shift,'®4® which is
assumed to be equal to twice the reorganiza-
tion energy.'®*? The reorganization energy de-
creases with increasing NC diameter D, with
a scaling that roughly follows a power law:
o D714, Excitons with smaller coherence areas
are more sensitive to their local environment,
explaining that EXPC is stronger in smaller
NCs. Higher-energy excitonic states tend to be
more delocalized and thus have smaller reor-
ganization energies,?%3! as calculated for these
systems and illustrated in Figure S1.

To better understand the scaling of the re-
organization energy with system size, we ex-
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Figure 2: (a) The reorganization energies per mode (top), spectral density (bottom), and phonon density of
states (inset) calculated for a 3.9 nm CdSe NC. The circle and triangle in the top panel correspond to the
modes depicted in Figures 2b and 2c, respectively. (b) Torsional mode with a frequency of 0.45 THz and
reorganization energy of 1.20 meV. (c¢) Breathing mode with a frequency of 0.55 THz and reorganization

energy of 1.03 meV.

amine contributions to the total reorganization
energy from acoustic modes (w < 1 THz) and
optical modes (w > 4 THz), as shown in Fig-
ure 1b, where the frequency cut-offs were de-
termined from the CdSe bulk phonon disper-
sion relation.”® Modes at intermediate frequen-
cies (1 < w < 4 THz) are difficult to charac-
terize due to overlap of the acoustic and optical
branches in the bulk phonon dispersion relation
and the confounding effect of phonon confine-
ment.%° For strongly confined NCs, like the ones
studied here with D < 5 nm, we find that lower-
frequency acoustic modes contribute more sig-
nificantly to the reorganization energy than
higher-frequency optical modes. Additionally,
the reorganization energies of lower-frequency
modes scale more steeply with system size as
Aac < D7 than those of optical modes, which
scale as \op oc D714, These scaling dependen-
cies match those expected from simple contin-
uum models, '*?? which predict A\, oc D2 and
Aop < D71, as shown in the Supporting Infor-
mation.

To determine the contributions of specific
modes, we analyzed the reorganization energy
for each mode for a 3.9 nm CdSe NC, the results

of which are plotted in Figure 2a. Modes with
frequencies lower than 1.5 THz contribute most
significantly, and two modes in particular have
large reorganization energies of 1.202 meV and
1.033 meV. These modes are depicted in Fig-
ures 2b and 2c and are animated in Supporting
Videos S1 and S2.°!%2 They are the torsional
and breathing (spheroidal) acoustic modes that
are delocalized throughout the NC and involve
collective motions of many atoms.

While these results indicate that lower-
frequency acoustic modes are more strongly
coupled to the exciton, the optical phonons
may be important in dynamical processes de-
spite their relatively weaker coupling. This
significance may be due to a higher density of
phonon states at those optical frequencies (Fig-
ure 2a inset), which are more relevant given
the energy scales of typical excitonic transi-
tions. This interplay can be further investi-
gated through the weighted phonon density of
states, or spectral density,

J(w) = Aab (w—wa) . (9)
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Figure 3: (a) Cross-section of a 3.9 nm CdSe NC with the outer ML shaded in blue. (b) The contribution
to the total reorganization energy from modes localized to the surface decreases with increasing NC size.
(c) The reorganization energy with phonon mode distance from the NC center for a series of CdSe NCs.
Modes in the blue shaded regions are localized to the NC surface. The circle and triangle in the bottom
left panel indicate the torsional and breathing modes illustrated in Figures 2b and 2c, respectively. The
numbers in the top left of each panel correspond to the percent contributions of the interior (white) and
surface (blue) modes to the total reorganization energy.

which is plotted in Figure 2a for the same 3.9
nm CdSe NC. The Dirac delta functions in Eq.
(9) were broadened as Gaussian functions with
a standard deviation of 0.05 THz, and they are
normalized such that A = [ dwJ (w). The spec-
tral density peaks at 0.832 THz (3.44 meV)
and decays at higher frequencies. However,
the spectral density shows another peak at 6.84
THz (28.3 meV) in the range of the longitudi-
nal optical phonon, which has been predicted
and shown to play a role in phonon-mediated
exciton relaxation and dephasing.%"5 Our cal-
culations show that exciton formation distorts
the NC lattice primarily along coordinates of
low-frequency torsional and spheroidal phonon
modes, but non-negligible EXPC to optical
modes, in addition to the large density of
phonon states at those higher frequencies, sup-
port their role in exciton dynamics.

Another question regarding EXPC in nanos-
tructures is the effect of phonon confinement

and whether phonon modes localized near the
NC surface are inherently more strongly cou-
pled to excitons than modes localized to the
interior of the NC. To investigate these surface
effects, we define the distance of phonon mode
a from the center of the NC as

— 2
T = E ea#kr# s
nk

where 7, is the distance of atom p from the cen-
ter of the NC. Note that phonon modes com-
prised primarily of motion from surface atoms
have a large value of r,, and they can be delo-
calized over the NC. Figure S2 and Supporting
Videos S3 and S4 show two different phonon
modes of a 3.9 nm CdSe NC; the first corre-
sponds to a mode with a large value of r,, and
the second corresponds to a mode with a small
value of r,.

Figure 3a depicts a cross-section of a 3.9 nm
CdSe NC with the outermost monolayer (ML)

(10)
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Figure 4: (a) Reorganization energies for CdSe (left) and CdSe-CdS core-shell (right) NCs of various sizes
divided into contributions from the electron and hole channels. Reorganization energies for the core-shell
NCs are an order of magnitude smaller than those of bare CdSe NCs. (b) Hole and electron carrier densities
of the lowest-energy excitonic state for a 3.0 nm CdSe NC (left) and 3.0 nm CdSe — 3 ML CdS NC (right).

of atoms highlighted in blue. The reorganiza-
tion energy of each mode as a function of the
mode distance from the NC center is illustrated
in Figure 3c. For the smallest NC with a diam-
eter of 2.2 nm, phonon modes localized to the
outer ML have a total reorganization energy of
88 meV, which is 99% of the total reorganiza-
tion energy. For this system, 92% of the modes
are localized to the outer ML because of the
relatively large surface area to volume ratio for
a NC of such small size. The EXPC to these
modes is relatively strong, as the exciton ex-
tends to the surface of the NC due to the large
quantum confinement.

The contribution to the reorganization energy
from surface modes decreases with increasing
NC diameter (Figure 3b). This trend is a result
of the decreasing surface area to volume ratio
as well as the decreasing quantum confinement
in larger NCs, which leads to localization of

the exciton wavefunction near the center of the
NC and reduces the EXPC to surface modes.
For a 4.7 nm CdSe NC, the interplay between
surface and interior modes favors the interior
modes, which contribute 24 meV or 78% of the
total reorganization energy. EXPC of interior
modes with larger r, values is greater than that
of interior modes localized to the center of the
NC. But, the total number of interior modes
increases linearly with NC size and dominates
contributions to the reorganization energy for
large NCs.

The increased EXPC to surface modes in
smaller NCs may explain photoluminescence
measurements that observe broadened and red-
shifted emission, which is attributed to emission
from NC surface states, that increases with de-
creasing NC size.”>% Larger coupling of the
exciton to surface modes in smaller NCs may
facilitate phonon-mediated exciton trapping to



surface states, thereby increasing photolumi-
nescence from the surface.

The large contribution of surface modes to
the reorganization energy of small NCs sug-
gests that treatment of the NC surface, such
as in core-shell NCs, could be used to control
the magnitude of EXPC. As seen in Figure 4a,
the reorganization energy for CdSe cores with
3 MLs of CdS shell is about an order of mag-
nitude smaller than for bare cores of the same
size. These values, ranging from approximately
10 meV to 2 meV for CdSe core sizes ranging
from 1.4 nm to 3.9 nm, agree with optical mea-
surements of the Stokes shift.

This dramatic reduction is due to suppres-
sion of the hole channel of the EXPC (sec-
ond term in the last line of Eq. (5)), which
contributes more significantly to the reorgani-
zation energy (Figure 4a). The quasi-type II
band alignment of CdSe-CdS core-shell struc-
tures confines the exciton hole to the core, as
illustrated in Figure 4b. This hole confinement
limits EXPC to modes that are delocalized over
the NC. Because these low-frequency, delocal-
ized modes generally have larger EXPC than
higher-frequency, localized modes, the overall
reorganization energy is decreased in core-shell
NCs.

For both core and core-shell systems, the hole
channel of the EXPC is more significant than
the electron channel because of the heavier hole
effective mass, which makes the hole states
more sensitive to the nuclear configuration, as
well as the smaller energy spacing between hole
states, which allows them to couple more read-
ily via phonon absorption or emission.

Investigation of the reorganization energy
with mode distance from the center for each
core-shell NC (Figure 5) shows that, despite the
confinement of the hole to the core, modes local-
ized to the core have a negligible contribution
to the total reorganization energy. In the small-
est core-shell system, a 1.4 nm CdSe — 3 ML
CdS NC, many modes are localized to the NC
surface and comprise 44% of the reorganization
energy. For larger core-shell systems, however,
fewer modes are at the surface, and modes with
ro values that correspond to the NC shell have
the most significant contributions to the reor-

ganization energy. These shell modes tend to
be delocalized and consist of motion from both
atoms near the surface and throughout the core.
These results clearly indicate that, while the
overall magnitude of EXPC is dictated by the
relative localization of the carriers, EXPC is al-
ways strongest to those phonon modes that are
delocalized across the NC and involve collective
motion from many atoms in the system.

In conclusion, the approach outlined in this
Letter provides a framework for computing
EXPC in NCs that reproduces experimental
results. Furthermore, our ability to calculate
the EXPC to each phonon mode provides the
first microscopic, atomistic approach of EXPC
with frequency that reconciles discrepancies
in previous observations regarding the relative
magnitude of EXPC to acoustic versus optical
phonons. We demonstrate that exciton forma-
tion distorts the NC lattice along phonon coor-
dinates of low-frequency acoustic modes due to
the inherently stronger coupling of excitons to
these modes relative to that of excitons to opti-
cal modes. However, we also show that optical
modes may be important in phonon-mediated
exciton dynamics due to the large phonon den-
sity of states at those frequencies, which are at
an energy scale that is more relevant for exci-
tonic transitions. We also provide insight into
the role of phonon confinement and the NC sur-
face. Our results indicate that in small systems
with diameters less than 4 nm, where the num-
ber of surface modes is large and the exciton
wavefunction is strongly quantum confined and
extends to the NC surface, modes localized to
the outer ML of the NC dominate contribu-
tions to the reorganization energy. However,
the surface contribution decreases linearly with
increasing system size. For all systems, even
core-shell systems in which the exciton hole
is confined to the core, EXPC is strongest to
modes that are delocalized throughout the NC.

These calculations provide valuable insight
into EXPC at the nanoscale. Furthermore, the
framework presented here is general and can be
applied to study anisotropic NCs, like nanorods
and nanoplatelets, to understand the role of di-
mensionality on EXPC, and to study III-V ma-
terials, such as InAs and InP, which have gained
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Figure 5: (a) Cross-section of a 3.0 nm CdSe — 3 ML CdS NC with the core shaded in orange and the outer
ML shaded in blue. (b) The reorganization energy with phonon mode distance from the NC center for two
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surface, respectively. The numbers in the top left of each panel correspond to the percent contributions of
the core (orange), shell (white), and surface (blue) modes to the total reorganization energy.

interest due to their near-infrared emission. Fi-
nally, an accurate description of EXPC enables
future work for understanding the timescales
and mechanisms of phonon-mediated exciton
dynamics, like hot carrier cooling, exciton de-
phasing, and charge transport, which is essen-
tial in promoting the rational design of NCs
with quantum yields necessary for the realiza-
tion of new technologies.

Supporting Information Avail-
able

Procedure used to construct nanocrystal con-
figurations, additional discussion regarding the
implementation of the semi-empirical pseu-
dopotential method, filter-diagonalization tech-
nique, and Bethe-Salpeter equation, derivation
of exciton-phonon coupling matrix elements,
scaling of reorganization energies for acoustic
and optical phonon modes, reorganization en-
ergies for higher-energy excitonic states, and il-
lustrations and animations of surface and inte-
rior phonon modes.
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Correction to “Interplay of Surface and
Interior Modes in Exciton-Phonon Coupling at

the Nanoscale"
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We identified a small error in the code used to perform the calculations of exciton-phonon
couplings presented in this work. The corrected code results in small quantitative differences
and minor qualitative differences, as reflected in the corrected figures below. The corrected
results show that the reorganization energies of higher-frequency, optical modes scales as
Aop 0¢ D725 Additionally, in core-shell NCs, phonon modes localized to the core of the NC
dominate contributions to the reorganization energy. All equations presented in the original
paper are correct. This correction does not influence the discussions or conclusions of the

original paper.
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Figure 1: (b) Reorganization energies computed in this work for CdSe NCs of various diameters in
comparison to values from effective mass model-based calculations by Kelley! and from experimen-
tal measurements by Bawendi et al.? and Scholes et al.® (left). Acoustic modes contribute more

significantly to the reorganization energy than optical modes (right).
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Figure 2: (a) The reorganization energies per mode (top), spectral density (bottom), and phonon
density of states (inset) calculated for a 3.9 nm CdSe NC.
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Figure 3: (b) The contribution to the total reorganization energy from modes localized to the surface
decreases with increasing NC size. (c¢) The reorganization energy with phonon mode distance from
the NC center for a series of CdSe NCs. Modes in the blue shaded regions are localized to the NC
surface. The numbers in the top left of each panel correspond to the percent contributions of the

interior (white) and surface (blue) modes to the total reorganization energy.
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Figure 4: (a) Reorganization energies for CdSe (left) and CdSe-CdS core-shell (right) NCs of various
sizes divided into contributions from the electron and hole channels. Reorganization energies for
the core-shell NCs are an order of magnitude smaller than those of bare CdSe NCs.
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