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ABSTRACT: The emission linewidth of a semiconducting
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nanocrystal (NC) significantly affects its performance in light- g Ab initio om
emitting applications, but its fundamental limit is still elusive. = Sk:“’k_q'zt ES This work (w/ defects)
Herein, we analyze the exciton—phonon coupling (EPC) from 2 2h § ’
Huang—Rhys (HR) factors using ab initio calculations and Configuration \ >Z “ Experiments
compute emission line shapes of CdSe NCs. When surface traps coordinate g % )%}g( »
are absent, acoustic modes are found to dominate EPC. The £ 5 2 %@“Xn
computed linewidths are mainly determined by the size of NCs, §g § This work‘.""»u.‘ WZ/Cd,Zn, Se
being largely insensitive to the shape and crystal structure. EE (H-passivation) e
Linewidths obtained in this work are much smaller than most 3 Eneray Nanocrystal diameter

measurements on homogeneous linewidths, but they are consistent

with a CdSe/Cd,Zn,_,Se (core/shell) NC [Park, Y.-S.; Lim, J.; Klimov, V. I. Nat. Mater. 2019 18, 249—255]. Based on this
comparison, it is concluded that the large linewidths in most experiments originated from internal fields by surface (or interface)
traps or quasi-type II band alignment that amplifies EPC. Thus, the present results on NCs with ideal passivation provide the
fundamental minimum of homogeneous linewidths, indicating that only the CdSe/Cd,Zn,_,Se NC has achieved this limit through
well-controlled synthesis of shell structures. To further verify the role of internal fields, we model NCs with charged surface defects.
We find that the internal field significantly increases HR factors and linewidths, in reasonable agreement with experiments on single
cores. By revealing the fundamental limit of the emission linewidths of quantum dots, this work will pave the way for engineering
quantum dots with an ultrasharp spectrum.

KEYWORDS: quantum dots, nanocrystals, density functional theory, exciton—phonon coupling, homogeneous linewidth,
photoluminescence, electroluminescence, surface traps

1. INTRODUCTION

Due to the high luminescence efficiency and size-dependent

Over the last few decades, synthetic methods have been
advanced to produce a highly uniform batch of NCs.*'""!
Recently, by controlling the epitaxial shell growth with
entropic ligands, Zhou et al. synthesized ensembles of CdSe/
CdS (core/shell) NCs possessing the photoluminescence (PL)
linewidth equivalent to that of single quantum dots.'” This
means that inhomogeneous broadening can be suppressed
sufficiently by advanced synthetic methods. On the other hand,
the linewidth of single NCs and the influence of EPC have

tunability of emission wavelength, semiconductor nanocrystals
(NCs) hold great potential as light emitters for display,'
biological labeling,2 and laser applications.3 For optimal
performance in these applications, sharp emission spectra of
NCs are essential. In particular, for the display application, the
color purity of red, green, and blue (RGB)—three primary

colors—affects the color gamut of displays.4 Therefore,
significant research efforts are directed toward narrowing the
luminescence linewidth of NC ensembles.

The spectral linewidth of an NC ensemble is controlled by
two sources, namely, homogeneous and inhomogeneous. The
inhomogeneous source is associated with nonuniformity in the
NC size, which leads to a broad distribution of the emission
wavelength from individual NCs.> On the other hand,
homogenous sources relate to the finite width of the optical
spectrum from single NCs. Homogeneous broadening is
known to originate from exciton—phonon coupling (EPC),
exciton fine structures, and spectral dynamics. Among these
sources, EPC is known to play the most significant role.t™
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been extensively studied for CdSe NCs using several
spectroscopy techniques such as single-particle photolumines-
cence spectroscopy,l"”14 photon-correlation Fourier spectros-
copy,” and multidimensional electronic spectroscopy.” How-
ever, the measured full-width at half maximum (FWHM) of
the emission spectra showed a wide range even for CdSe NCs
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with similar dimensions; previous studies showed a FWHM of
50—100 meV at room temperatureg’g’16 while a more recent
work by Park et al. reported a far narrower linewidth of 24
meV."” In addition, the relative importance between acoustic
and optical phonons is still under debate; Liptay et al.
emphasized the exciton-acoustic ?honon coupling in explain-
ing the spectral linewidth of NCs, 8 while Cui et al. and Gellen
et al. pointed out the Frohlich coupling with optical modes as
the origin of spectral broadening.”” Thus, the fundamental
understanding of the intrinsic linewidth is still incomplete, and
its ultimate limit remains elusive.

Theoretical estimation of the emission spectra of NCs can
shed light on the origin of homogeneous broadening and help
in identifying the fundamental limit of the spectral linewidth of
NCs. For instance, spectral broadening of NCs by exciton—
phonon coupling was calculated by assumin§ that NCs
elastically vibrate like continuous particles."”*" However,
such continuum methods cannot capture atomistic effects on
exciton—phonon coupling such as surface defects and hydro-
static strain in core/shell quantum dots. Patrick et al. calculated
the absorption spectra of diamondoids using first-principles
calculations by evaluating Condon integrals by Monte Carlo
technigues, and the obtained results agree well with experi-
ments.”' However, this approach may not be compatible with
NCs (hundreds to thousands of atoms) that have a large
degree of freedom in atomic configurations.

In this work, motivated by the absence of a fully ab initio
study on the FWHM of actual-scale quantum dots, we develop
a computational method based on the Franck—Condon
approximation and the density functional theory (DFT) and
apply the method to evaluate luminescence line shapes of NCs.
To the best of our knowledge, this is the first attempt to
evaluate the emission linewidths of NCs using ab initio
methods. For specific material systems, we focus on CdSe NCs
because of rich experimental data, but the computational
method developed here can be applied to NCs in general. We
first study ideal CdSe NCs, whose surface is fully passivated by
pseudo-hydrogen atoms. The EPC is defined in terms of
Huang—Rhys (HR) factors, and it is found that acoustic modes
contribute the most to the spectral broadening of the NC
models. We also demonstrate that the spectral linewidth
strongly depends on the size of NCs and to a lesser extent on
the morphologies and crystal structures. We find that the
calculated FWHM is consistent with the result of the latest
single-particle measurement for CdSe/Cd,Zn,_,Se core/shell
NC. Charged defects on the NC surface are also modeled, and
it is shown that the surface defects produce an internal electric
field, significantly enhancing EPC and the FWHM.

2. METHOD

2.1. Calculation of Luminescence Spectra. We first
develop a microscopic theory of luminescence. When the
dipole moment of the electronic transition is independent of
atomic coordinates (the Franck—Condon approximation), the
normalized luminescence intensity or the line shape for a single
level of the exciton state is given by””

I(w) = Co’A(w) (1)

where C is the normalization constant and  is the frequency
of emitted photons. In eq 1, A(w) is a spectral function related
to phonon transitions during the optical emission. A direct
calculation of A(®w) is computationally demanding for NCs

with more than hundreds of atoms because it involves
complicated multidimensional integrals. We simplify the
computation by employing a parallel approximation in which
phonon eigenmodes are assumed to be identical in the ground
and excited states despite shifts in atomic coordinates (see
Figure la) (we confirm that the phonon spectrum is similar
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Figure 1. Schematic representation of exciton—phonon coupling.
Configuration coordinate of (a) all modes and (b) single mode
reduced by the effective-mode approximation. (c) The configuration
coordinate diagram describing optical broadening of the emission
spectrum. (d) Schematic representation of line spectrum broadened
by exciton—phonon coupling.

between the ground and excited states, as shown in Figures S1
and $2).”* Note that this approximation will not be valid if
structural distortions during the vertical transition are
significant such that phonon modes are distinct between the
ground and excited states (for instance, the peroxide formation
in ZnO).** Within the parallel approximation, A(@) is written
as

Alw) = Z lH Z wkm(T)lwkg(m+lk)|Xkem>|2
kK m

(L}

X 8| Eypy, — D Ly, — ho
k (2)

where Ep, is the energy of zero-phonon line (see Figure 1b), k

is the index for phonon modes, y§(,.,) and x%, are vibrational

wave functions of the ground and excited states, respectively,
and m and (m + I) indicate the phonon index for each mode.
In eq 2, {I;} is a set of different combinations of I, and wy,,(T)
is the thermal occupation of yj, state at a given temperature T.
In eq 2, broadening of the zero-phonon line, which is related to

5727 s neglected. Owing to the

phonon damping effects,”
parallel approximation, the thermal average of the overlap
integral over excited states in eq 2 can be expressed analytically

in terms of HR factors™®
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X Ilk{Sk/sinh( Dr ]}
2k, T (3)

where k;, is the Boltzmann constant and Ij is the modified

Bessel function. In eq 3, S; is the partial Huang—Rhys factor of
the kth phonon mode, which is defined as*

wquz
2h 4)

where g is the projection of the structural change induced by
the electronic transition onto the phonon eigenmodes, given

by

g, = Y mi R (@) — R(@)] x 7i(a)

k:

(s)

In eq S, m, is the mass of atom a, ﬁg(a) (ﬁe (@)) is the atomic

coordinate of atom « in the ground (excited) state, and 7, (@)
is the normalized phonon eigenvector. Eqations 4 and 5 were
used in a previous study to evaluate partial HR factors for Si, C,
InAs, and CdSe NCs.>

The parallel approximation significantly simplifies the
computation of overlap integrals in eq 2. Nevertheless, the
computational cost to evaluate eq 2 grows rapidly with NC size
due to the increasing number of phonon modes. Therefore,
further approximation is necessary to obtain the luminescence
spectrum for large NCs. Herein, we introduce an effective
vibrational mode (see Figure 1b). The frequency of this
effective mode is obtained by taking the average value of the
frequency squares of phonon modes as follows™

W% = ) pof
k (6)

where p; is a partial weight representing the contribution of
mode k to the lattice distortion during the optical transition,
ie, pr = qi°/ 2 xq’- Then, the effective Huang—Rhys factor
(Seq) is given by

S = Zk Schay
F= .,
ha,g (7)

The effective-mode approach was successfully applied to study
the luminescence spectra of defects in ZnO and GaN.” In
contrast to the previous work that focused on vibrations of the
atoms in the vicinity of defects,”® we take into account
vibrations of every atom in NCs when calculating the
properties related to the effective mode. Moreover, we
consider excitonic effects although at the single-particle level
(see Section 2.2). In Figure S3, we confirm that this method
yields emission line shapes comparable to those obtained by
considering the full spectrum of vibrational modes.

We replace d-function in eq 2 with a Gaussian smeared with
widths of 2—7 meV (see the Supporting Information for
details), which is smaller than 10% of the FWHM of the line
spectra resulting from EPC. The possible optical transitions
and the resulting luminescence spectrum are schematically
illustrated in Figure lc,d, respectively.

2.2. Computational Setup. The optimized atomic
geometries, electronic structures, and vibrational spectra of
CdSe NCs are obtained by DFT calculations using Vienna ab
initio simulation package (VASP)’' with the projector
augmented wave (PAW) method.”> We employ the general-
ized gradient approximation for the exchange—correlation
functional with Hubbard U corrections (U = 9.5 eV for Cd 4d
states).””** This computational scheme produces a linewidth
similar to that of more accurate but expensive hybrid
functional calculations (see Figures S4 and SS). The excited
state is simulated by constrained DFT, in which the electron
occupation of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) is regulated to mimic an excitonic state.”> >’ This
approach was reported to yield a reorganization energy during
the optical transition in Si NCs comparable to that of advanced
approaches such as quantum Monte Carlo (QMC) and time-
dependent DFT.>* We assume that the excited state forms a
spin triplet state (I11)), but the results barely change with a
specific spin configuration (singlet or triplet). The spin—orbit
coupling (SOC) is not included because it is negligible (see
Figure S6). In emulating the excitonic state, three highest
occupied levels are evenly emptied because their energies are
almost degenerate.”®** Details of computational parameters
and procedures are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

To reveal which phonon modes are critical for the
luminescence linewidth, we analyze S, of four different types
of CdSe NCs with similar diameters (Ds) of 1.3—1.7 nm as
shown in Figure 2a—d: (a) spherical zinc-blende (sp-ZB), (b)
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Figure 2. Partial Huang—Rhys factors (S;) of (a) sp-ZB (D = 1.§
nm), (b) td-ZB (D = 1.3 nm), (c) spo-ZB (D = 1.7 nm), and (d) sp-
WZ (D = 1.7 nm) CdSe NCs. The vertical lines represent the partial
Huang—Rhys factor for each mode, which are smeared (¢ =1.7 meV)
into a continuous envelope. Atomic structures are presented as the
inset. Gray atoms are Cd, orange atoms are Se, and green atoms are
pseudo-hydrogen.

tetrahedral zinc-blende (td-ZB), (c) spheroidal zinc-blende
(spo-ZB), and (d) spherical wurtzite (sp-WZ) NCs. Here, D is
defined as twice the average distance from the center of NCs to
the Cd and Se atoms on the NC surface. Dangling bonds of
surface Cd (Se) ions are passivated by pseudo-hydrogen with a
charge of 1.5e™ (0.5e™). The fractional charges are chosen to
satisfy the charge neutrality. In Figure 2, we find that the HR
factors of every NC are mostly contributed by phonons with
energies less than 15 meV, indicating that the exciton mainly
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couples with acoustic modes. The strong EPC of acoustic
modes is associated with the nature of electronic wave
functions of the HOMO and the LUMO; the HOMO in
CdSe is mainly formed by the nonbonding state of Se 4p
orbitals (see Figure 3a), while the LUMO consists of an

HOMO LUMO

Figure 3. Partial charges of (a) HOMO and (b) LUMO states of sp-
ZB CdSe NCs with a diameter of 1.49 nm.

antibonding state between Cd Ss and Se 4s orbitals (see Figure
3b). Upon exciton formation, the lattice expands slightly
because of the antibonding nature of the LUMO, and this
lattice expansion involves the atomic motion akin to acoustic
modes, particularly longitudinal ones (see Movie S1).

For the spo-ZB NC, it is seen that an ellipsoidal acoustic
mode at ~2 meV (see Movie S2) produces large EPC due to
the asymmetric shape. This finding is consistent with a recent
experiment in which relative contributions of vibrational
modes to spectral broadening were resolved using three-
dimensional electronic spectroscopy for CdSe NCs with aspect
ratios of 1.1-1.3.”

Figure 4a shows the S of NCs as a function of D. Because
of similar distributions of the partial HR factors regardless of
NC shapes (see Figure 2), S in the present study mainly
depends on the size of the NCs, and it decreases with D. In the
case of sp-ZB NCs, the dependence is fitted to D™"®. This is
consistent with D™ from a continuum model for spherical
CdSe NCs, which considered deformation potentials for
EPC."” The inverse correlation between S, and D can be
understood by the fact that HOMO and LUMO states are
spread over more atoms in larger NCs, which results in a
smaller lattice distortion upon exciton formation.

Based on S.g we calculate the spectral line shape of the
CdSe NCs using eq 2, as shown in Figure 4b for sp-ZB NCs
with various sizes at room temperature (300 K). Epy in ec% 2is
adjusted to match with the peak position in experiments.”” In
Figure 4c, we plot the FWHMs obtained from the calculated
spectra. As expected by smaller S ¢ for NCs with larger sizes,
the luminescence spectra become narrower with increasing NC
size. From fitting of the data for sp-ZB NCs, it is found that
FWHM scales with ~D™'3 (blue dotted line). In comparison
with sp-ZB NCs, the FWHMs for sp-WZ NCs decay more
quickly with increasing D. This is because the EPC in sp-WZ
NCs is stronger than that in sp-ZB NCs when D is small, which
in turn originates from a lower symmetry in the wurtzite
structure that results in lesser sphericity in the NC shape (see
Figure S7). However, the sphericity of sp-WZ NCs increases
with D, and the spectral linewidth of sp-WZ approaches that of
sp-ZB NCs (see Figure S8). On the other hand, the data for
sp-WZ NCs cannot be described by a simple power law
because the sphericity changes gradually with D.

In Figure 4c, we compare the calculated FWHMs with
homogeneous linewidths measured for CdSe NCs with core/
shell structures. Most of experiments except for Park et al.'”
reported FWHMSs (>50 meV) that are greater than the present
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Figure 4. (a) Effective Huang—Rhys factor of CdSe NCs as a function
of core diameter (D). (b) Line shape of various sizes of sp-ZB NCs at
300 K, and the legend represents D of each NCs. The linewidth,
calculated at 300 K, as a function of D compared with experimental
measurement of the homogeneous linewidths of (¢) core™® and (d)
core/shell CdSe NCs.*'®"” Linewidth data computed in this work
presented in (d) is repeated from (c). Legends of (c) and (d) are
shown integrated below the figure. The core diameters of
experimental NCs are deduced from the first absorption peak using
an empirical fitting function®” if they are not stated in the literature.
The dotted lines in (a), (c), and (d) are fitted to aD™*, where a and x
are fitting constants. Reproduced with permission from ref 8.
Copyright 2016 American Chemical Society. Reproduced with
permission from ref 9. Copyright 2017 American Chemical Society.
Reproduced with permission from ref 16. Copyright 2006 AIP
Publishing. Reproduced with permission from ref 17. Copyright 2019
Springer Nature. Reproduced with permission from ref 39. Copyright
2003 American Chemical Society.

theoretical estimation. We attribute the larger values in
experiments to the two additional factors that are not
considered in the present calculations: (1) internal field due
to the lattice-mismatch-induced traps (CdSe/ZnS) and (2)
quasi-type II band alignment between core and shell materials
(CdSe/CdS, CdSe/CdZnS, CdSe/CdS/ZnS) in which the
electron wave function of CdSe extends into the shell region.®
In contrast, Park et al. optimized the composition of
Cd,Zn,_,Se shells to avoid the lattice mismatch while
maintaining type-I band alignment such that both the
HOMO and LUMO of CdSe are well confined in the core
region.'” Therefore, the optical emission of this NC is mainly
determined by the core material, which is consistent with the
present computational model. Indeed, they obtained an
FWHM of 24 meV, which coincides with the theoretical
estimation of 23 meV extrapolated by the fitted scaling relation
for sp-ZB NCs. To note, calculated FWHM:s of sp-ZB and sp-
WZ NCs become similar at large D, with only a 10% difference
at D = 2.0 nm. Therefore, the comparison of theoretical values
for sp-ZB NCs with those for WZ CdSe in Park et al. would be
valid.

On the other hand, experimental PL linewidths for CdSe
NCs whose surfaces are stabilized by organic ligands
overestimate the calculated values (see Figure 4d). The larger
broadening in experiments would be attributed to the
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incomplete passivation of surface traps, which causes an
internal electric field inside of NCs.” To investigate the effect
of surface traps, we examine the line shape of defective sp-ZB
NCs with D = 1.5 and 1.8 nm, wherein a pair of hydrogen
atoms is eliminated, thereby leaving dangling bonds of the Cd
and Se atoms at the opposite sides of the surface (see Figure Sa

(a) Se dangling bond

0.5 r

0 |
0 5 10 15 20 25 30
hw, (meV)

Figure 5. (2) Atomic structure, (b) partial charge of the HOMO and
the LUMO, and (c) partial Huang—Rhys factors of the 1.49 nm sp-ZB
NC with surface defects.

for the defective NC with D = 1.5 nm). When the Cd and Se
dangling bonds are closer to each other, the linewidth becomes
narrower due to weakened internal fields (see Figure S9 and
Table S1). Therefore, the defect arrangement we adopt here
may correspond to an extreme case that provides an upper
limit of the linewidth in the presence of two dangling bonds on
the surface. The localized defect level associated with the Cd
dangling bond lies above the LUMO, while the one for the Se
dangling bond appears within the HOMO-LUMO gap.
Therefore, one electron in the Cd state transfers to Se sites,
which results in the empty Cd state (Cd**) and fully occupied
Se state (Se’”). Here, we assume that the charge states of
defects are maintained during emission.”"®***!

The computed FWHMs of the defective models are marked
as red solid squares in Figure 4c,d. It is intriguing that the
linewidth of the NCs with D values of 1.5 and 1.8 nm increase
from 84 to 180 meV and from S5 to 103 meV, respectively,
when the surface defects are present. The increased FWHMs
are in a reasonable agreement with the dashed line in Figure 4d
that is obtained by fitting the experimental FWHMs for CdSe
single cores (zinc-blende structures).” The microscopic origin
underlying the large linewidth in the defective NC is the spatial
separation of the HOMO and LUMO states due to
polarization. As shown in Figure Sb, the HOMO (LUMO)
state is weighted toward the atomic site of Se (Cd) with a
dangling bond. Consequently, the structural distortion upon
electronic excitation becomes more severe than that for ideally
passivated NCs, resulting in larger HR factors (see Figure Sc).
In particular, optical modes also play a role in this case.

We notice that the experimental data in refs 8 and 9 are
found to scale with D™ and D%, respectively, which are
rather weaker dependence compared to our result for defect-
free NCs (~D™"). These discrepancies might be attributed to
the fact that surface defects play a crucial role in determining
the linewidths in experiments. The size dependence of
defective NCs would be a subject in future studies.

So far, we have compared our results with the data from PL
experiments. It can be questioned whether the present results
can also be compared with electroluminescence (EL) measure-
ments, noting that carrier densities could be different between
the two measurement methods. Specifically, in EL measure-
ments, electrons or holes can accumulate in active layers due to
unbalanced carrier injections and affect luminescence charac-
teristics of NCs. However, recent EL and PL measurements
reported the same spectral linewidth for InP/ZnSe/ZnS
NCs.*” Nevertheless, the dominance of a single carrier type
in EL can suppress radiative recombination by increasing the
probability of Auger recombination.*

Finally, we investigate the temperature dependence of the
emission linewidth at high temperatures (>40 K), where
phonon sidebands play an important role in determining the
luminescence line shape of NCs. (At very low temperatures,
the zero-phonon emission is also crucial for the line shape.)*
To this end, we examine the line shapes of sp-ZB NCs (D =
1.8 nm) with and without a pair of Cd and Se dangling bonds
on the surface at different temperatures (T), and the results are
compared to the experimental measurement on the ensemble
linewidths of similar-sized CdSe NCs (D = 2.2 nm)** (see
Figure 6). The defective NC has greater T-dependence than
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Figure 6. Temperature dependence of the linewidth of a fully
passivated and defective sp-ZB NC (D = 1.8 nm) with a pair of Cd
and Se dangling bonds on the surface compared to the measurement
on the ensemble linewidth of the commercial CdSe NC (D = 2.2
nm).** Each FWHM is offset by its value at 40 K. Reproduced with
permission from ref 44. Copyright 2017 American Chemical Society.

the fully passivated NC, which can be understood by stronger
exciton—phonon coupling when NCs have defects. We also
find that the experimental T-dependence agrees better with the
defective NC rather than the fully passivated one.

4. CONCLUSIONS

In conclusion, we developed a computational method for
evaluating the luminescence line shapes of semiconductor NCs
due to EPC. By applying the method to archetypal CdSe NCs,
we have demonstrated the capability of our approach to
estimate spectral linewidths accurately. Based on the computa-
tional results, we provided crucial insights into the key factors
for intrinsic linewidths that are not easily resolved by
experiments alone, such as the coupling strength between
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excitons and phonons and the effect of NC size and charged
defects on the surface. This method can also be used to
estimate the ultimate linewidth of nanocrystals with specific
size and composition, which will be a useful reference value in
experiment. The theoretical framework proposed in the
present study is universal, applicable to any type of NCs. On
the other hand, several aspects of emission spectrum of NCs
like the detailed role of various types of defects, impacts of
ligand interaction, and shell composition in core/shell NCs
remain to be unclarified yet. Such topics will be the subjects of
future studies. By revealing the fundamental limit of emission
linewidths of quantum dots, this work will pave the way for
engineering quantum dots with an ultrasharp spectrum.
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