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ABSTRACT: The luminescence line shape is an important feature of
semiconductor quantum dots (QDs) and affects performance in various
optical applications. Here, we report a first-principles method to predict the
luminescence spectrum of thousands of atom QDs. In our approach, neural
network potential calculations are combined with density functional theory
calculations to describe exciton−phonon coupling (EPC). Using the
calculated EPC, the luminescence spectrum is evaluated within the Franck−
Condon approximation. Our approach results in the luminescence line
shape for an InP/ZnSe core/shell QD (3406 atoms) that exhibits excellent agreement with the experiments. From a detailed analysis
of EPC, we reveal that the coupling of both acoustic and optical phonons to an exciton are important in determining the spectral line
shapes of core/shell QDs, which is in contrast with previous studies. On the basis of the present simulation results, we provide
guidelines for designing high-performance core/shell QDs with ultrasharp emission spectra.
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1. INTRODUCTION

Over the past decades, semiconductor quantum dots (QDs)
have emerged as promising materials for optical devices. A
unique feature of QDs is the tunable band gap enabled by
quantum confinement effects. As a result, the emission
wavelength can be readily controlled by synthesizing QDs of
different sizes. Furthermore, exciton wave functions can be
confined within a single particle, enabling high luminescence
efficiency if the generation of surface traps are sufficiently
suppressed during synthesis. Because of these advantages, QDs
are garnering considerable attention in applications in
biological imaging, lasers, and wide-color gamut displays.1−3

To fully realize the potential of QDs in various applications,
QDs need to exhibit a high spectral purity. Therefore, many
efforts have been made to reduce the luminescence line width
of QDs. There are two major sources, namely, inhomogeneous
and homogeneous, that affect the emission line width of a QD
ensemble. The inhomogeneous source arises from the
nonuniformity of the QD size in a batch that causes a
distribution of emission wavelengths of the particles.4

However, owing to recent progress in synthetic methods,
QD batches can be produced with high size uniformity. For
instance, the luminescence spectra of CdSe QD samples can
exhibit line widths close to the single-dot level at present.5 In
the case of InP/ZnSe QD batches, the small size deviation of
∼2 Å was reported.6 On the other hand, spectral dynamics,
exciton fine structures, and exciton−phonon coupling (EPC)
in an individual QD are homogeneous sources. Among them,
EPC is known to predominantly determine the line width of a
single QD at room temperature.7−10 Because EPC is intrinsic

(namely, unavoidable), it is crucial to design QDs to minimize
EPC to obtain sharp luminescence spectra.
The foregoing discussion highlights the importance of

understanding the microscopic origin of EPC and its impacts
on the luminescence spectrum in QDs, but this understanding
has yet to be established. One of the long-standing issues
related to EPC in QDs is the relative importance of acoustic
and optical phonons. Several groups have investigated which
phonon modes (acoustic versus optical modes) dominantly
couple with an exciton in QDs.9−12 However, the conclusions
from previous works were inconsistent. On the other hand, the
incomplete understanding of EPC has interrupted the clear
interpretation of experimental results, leading to ambiguities.
For example, previous experiments showed that the single-dot
spectral line width of CdSe cores is initially suppressed upon
shell growth because of the removal of dangling bonds.9

However, further shell growth widens the line width. The
broader peaks at thicker shells were attributed to the enhanced
EPC, but the specific origin has not yet been clarified.
Theoretical investigation of QDs using density functional

theory (DFT) calculations can provide important insights into
EPC that are difficult to obtain by experiments alone. In a
previous study, we reported an ab initio method to evaluate the

Received: August 8, 2021
Revised: October 7, 2021
Accepted: October 7, 2021
Published: October 21, 2021

Articlepubs.acs.org/materialsau

© 2021 The Authors. Published by
American Chemical Society

103
https://doi.org/10.1021/acsmaterialsau.1c00034

ACS Mater. Au 2022, 2, 103−109

D
ow

nl
oa

de
d 

vi
a 

SE
O

U
L

 N
A

T
L

 U
N

IV
 o

n 
M

ar
ch

 1
0,

 2
02

2 
at

 0
4:

43
:2

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungwoo+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungwu+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Youngho+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialsau.1c00034&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amacgu/2/2?ref=pdf
https://pubs.acs.org/toc/amacgu/2/2?ref=pdf
https://pubs.acs.org/toc/amacgu/2/2?ref=pdf
https://pubs.acs.org/toc/amacgu/2/2?ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialsau.1c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org/materialsau?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


luminescence line shapes of QDs due to EPC, combining the
DFT and Franck−Condon approximation.13 We applied the
method to CdSe core-only QDs and identified the intrinsic
limit of the line width. Although the method is accurate and
reliable, its application is practically limited to small QDs,
including a few hundred atoms, because of the high
computational costs of DFT calculations. Therefore, an
alternative approach is necessary to investigate the line shape
of technologically relevant core/shell QDs that consist of
thousands of atoms or more.6,14,15 Classical molecular
dynamics (MD) simulations based on machine-learning
interatomic potentials,16−18 such as neural network potential
(NNP), may suggest a solution to handling such large systems.
This approach allows us to examine structural properties with a
much lower computational cost than DFT while maintaining
the DFT accuracy. Indeed, MD using NNP was successfully
applied to study phase-change materials19 and metal−semi-
conductor interfaces20 at large scales and search equilibrium
crystal structures of inorganic materials.21

In this work, we demonstrate that an ab initio method
combining DFT and NNP is successful in describing the EPC
of thousands of atom QDs at a modest computational cost. In
our approach, NNP is used to calculate the ground-state
atomic configuration and vibrational spectrum of a QD, which
are the most time-consuming parts, while DFT is used to
describe an exciton state. The results from the NNP and DFT
calculations are then employed to calculate EPC, which is
defined in terms of Huang−Rhys (HR) factors. The developed
method is thoroughly validated by comparing the results with
those from the full DFT calculations. On the other hand, using
calculated HR factors, we obtain a spectral line shape of QDs
within the Franck−Condon approximation. With the example
of an InP/ZnSe core/shell QD, which has recently emerged as
an eco-friendly and efficient light emitter, we show that our
methodology closely reproduces experimental line shapes. To
the best of our knowledge, this is the first work to predict
luminescence line shapes of real-size QDs without any
empirical information. We also analyze HR factors in InP
core-only and InP/ZnSe core/shell QDs. This reveals that
exciton−acoustic phonon coupling dominates the line width in
the InP core-only QD. Meanwhile, the introduction of the
ZnSe shell causes the frontier molecular orbitals of the InP
core to leak unevenly into the shell region. This amplifies the
coupling of optical modes to an exciton, further increasing the
line width. On the basis of the insights from our calculations,
we provide strategies to achieve narrow line widths for core/
shell QDs.

2. METHODS

2.1. Luminescence Spectrum

We calculate the spectral line shape based on the Franck−Condon
approximation, where the electronic transition probability is assumed
to be independent of atomic coordinates.13 In this approximation, the
normalized luminescence intensity [I(ω)] can be expressed as I(ω) =
Cω3A(ω), where ω and C denote the photon frequency and
normalization constant, respectively. A spectral function A(ω) is
responsible for the broadening of a spectral line shape due to phonon
transitions during optical emission and is given by22
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where EZPL is the energy of the zero-phonon line and χk(m + lk)
g and χkm

e

are phonon wave functions of the ground and excited states,
respectively. k is the index for the phonon mode, and m and (m +
lk) are the excitation numbers for each mode. {lk} indicates that a
possible set of different combinations of lk and wkm(T) is the thermal
occupation of χkm

e at a given temperature T.
The direct calculation of eq 1 requires sophisticated multidimen-

sional integrals of ,k m l km( )
g e

k
χ χ⟨ ⟩+ which are computationally

prohibitive for thousands of atom QDs. Instead of calculating them
explicitly, one can employ the parallel approximation where
vibrational wave functions are assumed to be identical in both the
excited and ground states.23 In the parallel approximation, the overlap
between two vibronic wave functions is expressed in terms of a simple
parameter called the Huang−Rhys (HR) factor as follows
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where kb and Ilk are the Boltzmann constant and modified Bessel
function, respectively. Sk is the partial HR factor of the kth phonon
mode, which is defined as

S
q

2k
k k

2ω
=

ℏ (3)

where qk is the projection of the structural variation during the vertical
transition onto the vibrational mode. Within the harmonic
approximation, qk can be computed as24,25
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In eq 4, mα is the mass of atom α and n⃗k(α) is the normalized
phonon eigenvector. F⃗g(α) (F⃗e(α)) is the force acting on atom α at
the ground (excited) state when every atomic position is fixed at the
ground state. On the other hand, calculations of eq 1 considering all
the phonon modes are still computationally demanding. This issue
can be addressed by adopting an effective vibrational mode with the
frequency (ωeff) given by23
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where q q/k k k
2 2∑ represents a partial contribution of the kth mode to

the structural change during the optical transition. The effective
Huang−Rhys factor for this effective mode is then calculated as

S
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ω
ω

=
∑ ℏ

ℏ (6)

To compute the luminescence spectrum through eqs 1−6, we need
information on the atomic configuration and vibrational spectrum at
the ground state. We obtain them by NNP calculations. On the other
hand, F⃗e(α) − F⃗g(α) in eq 4 is evaluated using DFT on the NNP-
optimized structure. We refer to this approach as NNP+DFT. The δ
function in eq 1 is replaced with a Gaussian distribution with a
smearing width of 10 meV, which is much smaller than the full width
of half-maximum (FWHM) of the line shapes (see below). We also
tested smaller (5 meV) and larger (20 meV) smearing widths, which
changed the FWHM by only approximately ±5% (see Figure S1).
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2.2. DFT Calculations
All DFT calculations in the present work are performed by using
Vienna Ab-initio Simulation Package (VASP) code. The cutoff energy
for the plane wave basis is set to 450 eV except for a
(InP)95(ZnSe)1283H650 QD, for which the smaller cutoff energy of
210 eV is chosen through careful tests of the calculation results for
EPC and line shape (see Figure S2). The atomic geometries are
optimized until forces acting on every atom are less than 1 meV/Å.
We employ the generalized gradient approximation (GGA) functional
with Hubbard U corrections.26,27 The effective on-site energy (U−J)
for In 4d and Zn 3d states are set to 5 and 10 eV, respectively. These
values of U−J yield results consistent with those from more accurate
hybrid functional28 calculations (Table S1). The calculated lattice
parameters, effective masses, and dielectric constants of bulk InP and
ZnSe are in good agreement with the experimental results (Tables
S2−S4). The vibrational modes are calculated by a finite-difference
method. We use the constrained DFT method to simulate an exciton
state.29,30 Because the line shape is insensitive to spin configurations,
as shown in Figure S2 and ref 13, we conducted nonspin-polarized
calculations. When emulating the exciton state, the degenerate highest
occupied molecular orbitals (HOMOs) of the InP core are evenly
emptied. The Zn (Se) surface atoms of ZnSe and InP/ZnSe QDs are
passivated by pseudohydrogen atoms with a charge of 1.5e− (0.5e−),
and In (P) surface atoms of InP QDs are passivated by
pseudohydrogen atoms with a charge of 1.25e− (0.75e−). The mass
of pseudohydrogen atoms is set to 63.546 amu, similar to that of Zn,
but a change in the pseudohydrogen mass rarely affects the calculation
results.13 Phonon spectra were obtained by using the Phonopy
package.31

2.3. NNP Training and NNP Calculations
NNP is trained using the SIMPLE-NN code.32,33 We adopt the
Behler-type NNP, which reproduces the DFT energy as a sum of
atomic energies.16 The structure of the neural network is 256−60−
60−1 with atom-centered symmetry functions34 as input layers. The
cutoff distance of the symmetry functions is set to 7 Å. We transform
symmetry function vectors by principal component analysis to avoid a
strong correlation between the components of the symmetry
functions, and all the components are normalized. The training
procedure minimizes the loss function defined by the sum of energy,
force, and stress errors and the L2 regularization term. One-fifth of the
reference data generated for training NNP is randomly chosen and
used as a validation set. The weights of the network are optimized
using the ADAM optimization method35 with a batch size of 12. The
LAMMPS package is employed for NNP calculations.36 Vibrational
modes are calculated by using the PhonoLAMMPS code.37

3. RESULTS AND DISCUSSION

3.1. NNP for InP/ZnSe Core/Shell QDs

We develop NNP for InP/ZnSe core/shell QDs. Figure 1a
shows the atomic structure and cross section of the QD model
[(InP)95(ZnSe)1283H650], which is analogous to QDs in the
experiments.38−40 For simplicity, we consider the octahedral
shape with the InP(111)/ZnSe(111) interface and ZnSe(111)
surface. The structure of the core/shell QD can be
characterized by four different parts: InP bulk, ZnSe bulk,
InP/ZnSe interface, and ZnSe surface. Thus, reference
geometries for training NNPs are generated from trajectories
of DFT-based MD simulations of bulk, surface, and interface
models (Figure 1b) at 400 and 1000 K. In addition, MD
trajectories at 300 K of small ZnSe core-only and InP/ZnSe
core/shell QD models are included in the training set to
improve the accuracy of NNP for the description of vertex and
edge structures of the core/shell QD. Detailed information on
the training set is presented in Table S5. The total root-mean-
square errors (RMSEs) of energy, force, and stress for the
validation set are 1.5 meV, 70 meV/Å, and 2.3 kbar,

respectively. These RMSEs are small and comparable with
NNP models for other materials,41−43 confirming that the
NNP is successfully trained. We confirm that overfitting does
not occur during the training (Figure S3).
To validate the developed NNP, we calculate the equation of

states of the bulk phases of InP and ZnSe using NNP
calculations (green lines in Figure 2a,b, respectively). The
results are in good agreement with those of DFT. In addition,
we also show in Figure 2c,d that NNP successfully reproduces
the phonon spectra of InP and ZnSe obtained by DFT.
Compared to the experiments, both NNP and DFT slightly
underestimate the frequencies of the optical modes (Figure
2c,d). However, the consideration of the experimental
frequencies rarely changes the emission line shape compared
to that obtained using the calculated frequencies because the
frequency difference between the experiment and theory is
marginal (Figure S4). Thus, below, we calculate line shapes
using calculated frequencies.
Next, to check the accuracy of the NNP+DFT approach in

describing EPC, we compare the EPC results from NNP+DFT
and the full DFT calculations for two QD models: ZnSe QDs
(Zn44Se40H64) and InP/ZnSe QDs [(InP)22(ZnSe)73H110]. In
this comparison, the QD models are chosen to be larger than
those included in the training set to demonstrate that NNP
+DFT is applicable to QDs of any size. The atomic structures

Figure 1. (a) Computational model of an InP/ZnSe QD
[(InP)95(ZnSe)1283H650] and (b) the atomic models used to generate
the training set for NNP.
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of the models are presented in Figure S5, and the temperature
is set to 300 K. As shown in Figure 3a,b, the overall
distributions of partial HR factors of the ZnSe QDs are
consistent between NNP+DFT and DFT. The slight difference
of each Sk between the two calculations occurs because of a
subtle difference in the equilibrium structures, which results in
a dissimilar projection efficiency for a given phonon mode (i.e.,
qk). However, the natures of the EPC described by both
methods are essentially the same, as inferred by the similar
distributions of the HR factors. In addition, the two
approaches yield almost identical luminescence line shapes
(Figure 3c). (In Figure 3c, the peak position, i.e., EZPL, is set to
0 eV.) Similar to the ZnSe QDs, we find good agreement of the
frequency dependence of partial HR factors between the NNP
+DFT (Figure 3d) and DFT (Figure 3e) calculations for the
core/shell InP/ZnSe QD model. Figure 3f also shows that the
line shape for the core/shell QD based on NNP+DFT results
is favorably compared to that obtained from DFT.

3.2. Luminescence Spectrum of InP/ZnSe Core/Shell QD

Now that we have validated the NNP+DFT method, we apply
it to the real-scale core/shell QD model, namely, (In-
P)95(ZnSe)1283H650, as shown in Figure 1a. The model has a
core radius (rInP) of 0.95 nm and a shell thickness (tZnSe) of
1.45 nm. Here, rInP (rtotal) is defined as the average distance
from the center of the QD to In and P (Zn and Se) atoms at
the interface (surface), and tZnSe is defined as rtotal − rInP. These
dimensions of the QD model are comparable to InP/ZnSe/
ZnS QDs in the experiments (rInP = 1 nm, tZnSe = 1.5 nm, and
tZnS = 0.5 nm).38−40 Note that the outer ZnS shell in the
experiments, which is not considered in our calculations, serves
only as a defect passivation layer for the ZnSe surface (like
hydrogen atoms in our model) and rarely affects the physical
properties of the InP core.39 Figure 4a shows the calculated
line shape for the InP/ZnSe QD at room temperature based on
the EPC from NNP+DFT, along with experimental data that
were measured by single-dot photoluminescence (PL) spec-
troscopy. The agreement between the calculation and the
experiment is excellent. In Figure 4b, we also show that our
calculations well reproduce the experimental temperature
dependence of the line width. (Because the experimental
data in Figure 4b are ensemble line widths that are affected by
temperature-independent inhomogeneous sources, we com-
pare the relative line widths with respect to the values at 78 K.)
These favorable comparisons between theory and experiment
attest to the predictive power of our methodology.
The analysis of EPC in the InP/ZnSe core/shell QD can

provide important insights into the spectral broadening that
may help optimize the core/shell structure. We present the
distribution of partial HR factors for an InP core-only QD
(In95P95H110; rInP = 0.95 nm) (Figure 5a) and the InP/ZnSe
core/shell QD (Figure 5b). The data for the InP core-only QD
is obtained by the full DFT calculations. In Figure 5a, we see
that the HR factors for phonons below 10 meV are particularly
pronounced in the InP core-only QD. This indicates the strong
coupling between the exciton and acoustic phonons. The
dominance of acoustic modes in the EPC is attributed to the
antibonding character of the lowest unoccupied molecular
orbital (LUMO) of InP; the occupation of the LUMO in the

Figure 2. (a, b) The equation of states and (c, d) phonon dispersion
curves for (InP, ZnSe) calculated by NNP compared with those
calculated by DFT and the experiment (InP: ref 44; ZnSe: ref 45).

Figure 3. Partial HR factors calculated by (a, d) NNP+DFT and (b, e) DFT and (c, f) luminescence spectra calculated on the basis of HR factors
from NNP+DFT and DFT for (ZnSe, InP/ZnSe) QDs. In a, b, d, and e, the vertical lines represent the partial HR factor for each mode, which is
smeared (σ = 1.7 meV) into a continuous envelope. The peak positions in c and f are set to zero.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.1c00034
ACS Mater. Au 2022, 2, 103−109

106

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00034/suppl_file/mg1c00034_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00034?fig=fig3&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.1c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


excited state leads to the expansion of the lattice that involves
the atomic motion associated with acoustic modes. Strong
exciton−acoustic phonon coupling was also reported for CdSe
core-only QDs.13

In contrast to the InP core-only QD, the optical modes of
both the core (ℏω ∼ 40 meV) and shell (ℏω ∼ 25 meV)
moderately couple with an exciton in the InP/ZnSe QD
(Figure 5b). This larger exciton−optical phonon coupling in
the core/shell structure results from uneven leakage of the
frontier molecular orbitals of InP into the ZnSe shell.
Specifically, in the core-only QD, the HOMO and LUMO of
InP are confined in a similar area (Figure 5c), while the
LUMO is more spread out into the shell area than the HOMO
in the core/shell QD (Figure 5d). As a result of the separation
of the HOMO and LUMO, electronic polarization occurs in
the core−shell QD, which enhances exciton−optical phonon
coupling and results in a wider line shape (FHMW of 97 meV)
compared to that of the core-only QD (FHMW of 72 meV)
(Figure S6). This leakage-induced polarization would be one
of the reasons for wider line shapes of the core/shell QDs at
thicker shells in the experiments.8 In passing, the core-only QD
considered in the present work has no defects, and thus, the
calculated line width should be regarded as the lowest limit. In
experiments, core-only QDs usually contain dangling bonds on
the surface to some extent even if molecular ligands are
attached to the surface for passivation, and such defects can
broaden the line width because of polarization effects.10,13

To unveil the phonon mode (acoustic versus optical) that
dominantly contributes to the spectral line shapes of QDs, we
examine the mode-resolved line widths for the core-only
(Figure 5e) and core/shell QDs (Figure 5f) by limiting the

phonon index to a certain mode during the calculation of the
line shape. We consider phonons with frequencies smaller than
20 meV to be acoustic modes, while the others are optical
modes based on phonon spectra in Figure 2c,d. We confirm
that the lattice mismatch between InP and ZnSe marginally
changes vibrational frequencies of each material in the QD
compared to that of the corresponding bulk (see Figure S7).
Although frequencies of acoustic modes of InP and ZnSe can
slightly exceed 20 meV, low-frequency modes among acoustic
phonons (<10 meV) dominate the exciton−phonon coupling,
as seen in Figure 5a,b. Therefore, a slight change in the
separation criterion for acoustic and optical phonons barely
affects the relative contribution to the line width. Each sum of
the partial line widths in Figure 5e,f is not exactly identical with
the corresponding total line width because of the nonlinearity
of eq 1. However, the results can qualitatively reflect the
impacts of the respective phonon mode on the line width. As
we discussed above, exciton−acoustic phonon coupling
dominates the line shape for InP core-only QDs. Interestingly,
in the InP/ZnSe QDs, the EPCs for both acoustic and optical
phonons similarly contribute to the line width. This finding is
in contrast to previous studies that emphasize the role of a
certain mode between optical and acoustic phonons.8,10,11

Note that the contribution of optical modes to the line width
can be similar to that of acoustic modes due to larger phonon
frequencies (see eq 2) despite smaller HR factors.

Figure 4. (a) Calculated and experimental luminescence spectra and
(b) temperature dependence of the line widths for InP/ZnSe core/
shell QDs. The (InP)95(ZnSe)1283H650 model is used to obtain the
calculation data, and the experimental results are for QDs with similar
sizes (see the main text). The experimental results are obtained from
refs 38−40. Figure 5. Partial Huang−Rhys factors of (a) (InP)95H110 and (b)

(InP)95(ZnSe)1283H650 calculated by NNP+DFT and DFT, respec-
tively. The linear charge density of the LUMO (e−) and HOMO (h+)
of (c) (InP)95H110 and (d) (InP)95(ZnSe)1283H650 along the ⟨111⟩
direction from the center of the QD. Mode-resolved line widths for
(e) (InP)95H110 and (f) (InP)95(ZnSe)1283H650.
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On the basis of our results, we suggest strategies to design
core/shell QDs to achieve ultrasharp line width. First, a core
material in which frontier molecular orbitals have weak
bonding and antibonding combinations between constituting
elements would be advantageous to reduce exciton−acoustic
phonon coupling, thereby decreasing the spectral broadening.
Second, as shown for the InP/ZnSe QD, it is crucial to prevent
uneven distribution of frontier molecular orbitals of a core
material for a core/shell structure. This may be accomplished
by selecting a shell material that yields a proper band offset.
For example, in the case of the InP core, the LUMO tends to
spill into the shell area more than the HOMO, which can be
deduced by the lighter effective mass of the former. Thus, a
shell material that leads to a larger band offset between
LUMOs than between HOMOs while maintaining the type-1
band alignment will help reduce the line width.

4. CONCLUSION

In summary, we demonstrated that the NNP+DFT method,
combined with the Franck−Condon approximation, can be an
effective tool to predict experimental luminescence line shapes
of QDs with thousands of atoms. Our methodology was
applied to the InP/ZnSe core/shell QDs and yielded a
luminescence line shape that manifests remarkable agreement
with the experiments. By analyzing HR factors, we revealed
that exciton−acoustic phonon coupling dominantly determines
the luminescence line shape for InP core-only QDs. Mean-
while, for the InP/ZnSe core/shell QDs, EPCs for both
acoustic and optical modes similarly contribute to the line
shape. The enhanced exciton−optical phonon coupling in the
core/shell QD is attributed to uneven leakage of the HOMO
and LUMO of the core to the shell region. With insights from
the calculations, we suggested strategies to optimize the
structure of the core/shell QDs. The results presented by this
work allow for an in-depth understanding of EPCs and
luminescence line shapes of QDs. Furthermore, our method-
ology can be applied to other QD systems of high current
interest, such as perovskite QDs. Thus, we believe that this
work will offer an opportunity to develop high-performance
QDs.
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