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Abstract

Single-molecule photoluminescence (PL) spectroscopy of semiconductor nanocrystals (NCs)
reveals the nature of exciton-phonon interactions in NCs. Understanding the narrow line shapes
at low temperatures and the significant broadening as temperature increases remains an open
problem. Here, we develop an atomistic model to describe the PL spectrum of NCs, accounting
for excitonic effects, phonon dispersion relations, and exciton-phonon couplings. We use single-
molecule PL measurements on CdSe/CdS core-shell NCs from T = 4 to T = 290 K to validate
our model and find that the slightly-asymmetric main peak at low temperatures is comprised
of a narrow zero-phonon line (ZPL) and several acoustic phonon sidebands. Furthermore, we
identify the distinct CdSe optical modes that give rise to the optical phonon sidebands. As the
temperature increases, the spectral width shows a stronger dependence on temperature, which
we demonstrated to be correlated with frequency shifts and mode-mixing, reflected as higher-
order exciton-phonon couplings (Duschinsky rotations). We also model the PL dependence on
core size and shell thickness and provide strategies for the design of NCs with narrow linewidths
at elevated temperatures.

The optical properties of colloidal semicon-
ductor nanocrystals (NCs) have been exten-
sively studied over the last several decades,1–7
leading to the development of novel optoelec-
tronic devices.8–13 Many studies have aimed
to understand the photoluminescence (PL) line
shapes and, in particular, the dominant chan-
nels and couplings governing the homogeneous
contributions to the linewidth.5,14–21 In par-
ticular, low-temperature single-NC PL mea-
surements have been commonly used to delin-

eate the homogeneous contributions, indicating
complex structures of sidebands resulting from
the coupling of excitons to acoustic and optical
phonons.22–28 On the other hand, the exciton-
phonon coupling parameters obtained in these
low-temperature studies were not able to rec-
oncile the broad, application-relevant, room-
temperature emission linewidths, resulting in a
lack of consensus on the strength and nature of
exciton-phonon interactions in NCs.
A thorough understanding of the structure
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of the NC PL spectrum and its temperature
dependence calls for an atomistic, parameter-
free theoretical approach that calculates the PL
line shapes of experimentally relevant NC sizes.
For smaller clusters, one can use first-principle
methods, but these are limited by computa-
tional complexity.29 Here, we adopt such an
approach that accurately describes the exci-
ton fine structure, phonon modes, and exciton-
phonon couplings of NCs.30,31 To test and val-
idate this approach, we compared the predic-
tions from our theory with new, single-NC
PL measurements for CdSe/CdS core-shell NCs
across a wide range of temperatures, from 4 to
290 K, overcoming common experimental chal-
lenges, such as photo-charging, bleaching, and
thermal drift.32 Our model yields results that
match very well with the experimental measure-
ments, reconciling the narrow, low-temperature
linewidth and weak phonon sidebands with the
broad, room-temperature line shape. In ad-
dition, we identify the specific phonon modes
that lead to the observed phonon sidebands
at low temperatures and discuss the contribu-
tions of acoustic and surface modes to the “zero-
phonon" line across different NC sizes. Further-
more, we discuss the role of dephasing on the
spectral line shape and the dependence on tem-
perature.
We start with a model Hamiltonian that de-

scribes the ground state, a manifold of exci-
tonic states, a bath of phonons, and the exciton-
phonon couplings (expanded to lowest order in
the phonon mode coordinates) for an NC,30
weakly perturbed by an electromagnetic field:

H = Eg |ψg〉 〈ψg|+
∑
n

En |ψn〉 〈ψn|

+
∑
α

h̄ωαb
†
αbα +

∑
αnm

V α
n,m |ψn〉 〈ψm| qα

+ ε0
∑
n

µgn cos(ωt) |ψg〉 〈ψn|+ h.c. . (1)

Here, Eg, |ψg〉, En, and |ψn〉 are the ener-
gies and wavefunctions for the ground and n-
th excitonic states, respectively, which are ob-
tained using the atomistic semiempirical pseu-
dopotential method33–35 combined with the
Bethe-Salpeter Equation (BSE).36,37 We used

a Stillinger-Weber force field38 to describe the
equilibrium geometry of the NC and to ob-
tain the normal modes, which have frequencies
ωα and normal mode displacements qα. The
exciton-phonon couplings, V α

n,m, between ex-
citonic states |ψm〉 and |ψn〉 through phonon
mode α were also calculated from the semiem-
pirical pseudopotential model combined with
the BSE.30 In practice, we only include the di-
agonal coupling elements, V α

n,n, since they dom-
inate the spectral line shape. Finally, the exter-
nal electromagnetic field with strength ε0 and
frequency ω couples the ground state and the n-
th excitonic state through the transition dipole
µgn. More details can be found in the SI and in
Ref. 30,39.
The emission spectrum is given by the

Fourier transform of the transition dipole auto-
correlation function, obtained within linear re-
sponse theory:40

I (ω) =
1

Qn

∑
n

e−βEn

∫ ∞
−∞

dte−iωt 〈µ̂H (t) µ̂H (0)〉

=
1

Qn

∑
n

e−βEn |µgn|2
∫ ∞
−∞

dtei(ω−ωng)t 〈Fn (t)〉 ,

(2)

where we assumed a thermal Boltzmann aver-
age over initial excitonic states. In the above
equation, Qn =

∑
n e
−βEn is the partition func-

tion of excitons and ωng = (En − Eg) /h̄. The
dephasing function, 〈Fn (t)〉, can be calculated
using a cumulant expansion to second order,41
and is given by the following exact expression
for the model Hamiltonian (c.f., Eq. (1)):

〈Fn (t)〉 = exp

{
1

2h̄

∑
α

(
V αn,n

)2
(ωα)

3

[
C<α (t) + iC=α (t)

]}
,

(3)
where C<α (t) = coth(βh̄ωα/2)(cosωαt − 1) and
C=α (t) = sinωαt− ωαt.
In Fig. 1, we plot the PL spectra of a wurtzite

3nm CdSe core / 3 monolayer (ML) CdS shell
NC for different temperatures and compare the
single NC measurements (green curves) to pre-
dictions from our model (solid black curves).
In comparing the experimental results with our
theoretical predictions, we shifted the onset of
emission due to small differences in the opti-
cal gaps (∼ 130meV) resulting from an addi-
tional 1-2 ML of ZnS coating in the experi-
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Figure 1: Single-molecule photoluminescence
spectra for a 3nm diameter CdSe / 3ML CdS
core-shell NC at temperatures ranging from 4 to
290 K. The calculated results from the model
Hamiltonian (black curves) and from the em-
pirical inclusion of second-order expansion of
exciton-phonon couplings (red curves) are com-
pared to the experimental measurements (green
curves). (a) The theoretical model results be-
fore (dotted line) and after broadening (black
solid line) at 4K are shown. Optical phonon
sidebands corresponding to CdSe and CdS are
distinguished. (b) A zoomed-in view around
the zero-phonon line (ZPL) is shown, identify-
ing several acoustic phonon sidebands. (c) - (h)
The calculated and measured PL spectra at 30,
60, 100, 150, 220, and 290K are shown.

ments. Additionally, to compare our simulated
results with experiments, we assume a Gaus-
sian broadening of 4meV, which accounts for ex-
perimental broadening due to the spectrometer
spectral resolution and spectral diffusion. The
emission shift and Gaussian broadening are the
only empirical parameters used to calculate the
line shapes (solid black curves) from Eqs. (2)

and (3).
The experimental spectrum at low temper-

atures consists of a slightly asymmetric nar-
row center peak and distinct phonon side-
bands, which is consistent with earlier stud-
ies.17,21–23,32,42 As the temperature increases,
the line shape evolves into a broader structure,
and at the crossover temperature Tc ≈ 200K,
turns into a featureless, broad peak. Our the-
oretical model shows good agreement with the
single-NC PL measurements at low and inter-
mediate temperatures (T ≤ Tc), providing a
quantitatively accurate description of the rela-
tive positions and intensities of the zero-phonon
line (ZPL) and the phonon sidebands, as well as
their temperature dependence. As temperature
increases above Tc, we observe small deviations
between the predicted and measured spectra,
which become more significant at higher tem-
peratures, suggesting that there is an additional
emission channel that is not included in our
model Hamiltonian. One such source for ad-
ditional broadening is higher-order terms (be-
yond linear) in the expansions of the exciton-
phonon couplings (Duschinsky rotations). The
red curves in Fig. 1 include an empirical cor-
rection, which is discussed further below, that
accounts for the contributions of higher-order
couplings at temperatures above Tc, result-
ing in excellent agreement with the experi-
mental measurements across all temperatures.
The crossover temperature is expressed in our
model by equating the dephasing rate contribu-
tions from linear-order and from higher-order
exciton-phonon couplings.
In the limit that T → 0K, the calculated

zero-phonon line becomes infinitely narrow with
transition energies corresponding to the exci-
tonic (optical) gap,41,43 as shown in Fig. 1(b).
In addition, we observe several acoustic phonon
sidebands that merge with the broadened ZPL
to form one main peak with a slight asym-
metry that matches experiments. Our model
also identifies some of the optical phonon side-
bands, particularly those associated with the
optical frequency of CdSe (6.29 THz), that re-
main distinct from the ZPL even at elevated
temperatures (T ≤ Tc). Moreover, due to
phonon emission, -2LO phonon satellite over-
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(a)

(b)

Figure 2: (a) The calculated spectral density
of a 3nm core, 3ML shell CdSe/CdS NC using
our model. The inset shows the phonon den-
sity of states for this core-shell NC. (b) The
motions of one acoustic phonon mode and one
optical phonon with the strongest coupling to
the exciton are shown. Color schemes: blue-Cd,
purple-Se, yellow-S, black arrows-phonon mode
motion.

tones are visible at energies lower than the op-
tical transition in both the experimental and
modeled spectra. The position of the CdSe LO
phonon sideband is slightly shifted compared
to the experiments, mainly due to inaccura-
cies of the classical Stillinger-Weber force field,
which was parameterized for bulk semiconduc-
tors. In addition, the CdS LO phonon side-
band observed experimentally at low tempera-
tures (which otherwise merges with the CdSe
LO phonon sideband) is absent in the calcu-
lated spectra. We cannot exclude emission from
the charged trion state experimentally, which is
known to be emissive in thick-shell CdSe/CdS,
and for which we expect higher coupling to shell
LO modes.
To further analyze the contribution of the in-

dividual phonon modes to the spectra, we de-
fine the spectral density, which measures the

strength of couplings between the exciton and
the phonon modes:

J (ω) =
∑
α

(
V α
n,n

ωα

)2

δ (ω − ωα) (4)

The spectral density is plotted in Fig. 2(a) for
a 3nm CdSe / 3ML CdS NC. Fig. 2(b) shows
an acoustic mode and an optical mode with the
strongest coupling to the bright ground state
exciton. The motions along the optical mode
are primarily restricted to the CdSe core as
a result of the localization of the hole to the
CdSe core, while the motion along the breath-
ing mode involves atoms in both the core and
shell. Similar results were observed for other
core sizes and shell thicknesses. The strong
coupling to the optical phonons in the core-
shell NC is consistent with earlier experimen-
tal17,21,45,46 and theoretical47–52 investigations.
In Fig. 3, we analyze the temperature de-

pendence of the PL linewidth for single parti-
cle and ensemble measurements. At very low
temperatures (kBT < h̄ωmin), the single par-
ticle measurements (green circles) of the full
width at half maximum (FWHM) are bound
by the experimental resolution (≈ 5meV) and
increase monotonically as T increases, with a
notable change in the slope at Tc ≈ 200K. The
FWHM for the ensemble measurements from
Ref. 44(green squares) is significantly larger
than the single particle measurements due to in-
homogeneous broadening, with a similar change
in the temperature dependence observed at the
crossover temperature, which we label as Tc (see
further discussion below for the physical inter-
pretation of the crossover temperature).
At low temperatures (T ≤ Tc), the re-

sults obtained from the model Hamiltonian
(black curves) show excellent agreement with
the experimental measurements at both the
single-particle (Fig. 3(a)) and ensemble levels
(Fig. 3(b)). At temperatures above Tc, the
calculated width (black curves) shows notable
deviations from the measured linewidth (green
curves), as indicated above. First, we studied
the anharmonicity of the atomic motion as a
possible source of such deviations by evaluat-
ing the finite lifetime of phonons using classical
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Figure 3: (a) The temperature dependence of PL linewidth of single-NC PL spectra on a 3nm/3ML
CdSe/CdS NC. The linewidths calculated by the model (black triangles) are compared to experi-
mental results (green circles). Dephasing contributions from second-order exciton-phonon couplings
are included empirically in the red curve. (b) The temperature dependence of inhomogeneous PL
linewidth in ensemble measurements on 3nm/2ML CdSe/CdS NCs. Experimental results are shown
in green squares and adapted from Ref. 44. The black and red curves show the model results follow-
ing the same conventions as in panel (a). (c) The dephasing function 〈F (t)〉 calculated analytically
using Eq. (3) in a semi-log plot at three representative temperatures. The first-order dephasing
rates (dash-dot lines) are extracted from the exponential-decay regime of the dephasing function
before recurrences happen. (d) The dephasing rate contributions from first- and second-order
exciton-phonon couplings at various temperatures (see Eq. (5)).

molecular dynamics53 (see SI for more infor-
mation). At 300K, incorporating finite phonon
lifetimes into the spectrum resulted in an in-
crease of ≈ 10meV in the single-NC FWHM,
and therefore anharmonic motion is ruled out
as the primary mechanism to explain the dis-
crepancy between the experiments and theory.
In addition, no temperature-activated spectral
diffusion pathways have been identified,24,32,54
suggesting that role of spectral diffusion at high
temperatures is similar to that at low temper-
atures, where the contribution to the linewidth
due to spectral diffusion is negligible.
The discrepancy at high temperatures be-

tween the experiments and theory can also re-
sult from higher-order expansion terms in the

exciton-phonon couplings. To account for these
additional decay channels, we empirically cor-
rect the long-time decay rate of the dephasing
function (F (t) ∝ exp(−t/T2)) as follows:41

1

T2
=

1

T
(1)
2

+
1

T
(2)
2

, (5)

where the dephasing rate due to the first-order
coupling,

1

T
(1)
2

= π
λ

h̄

kBT

h̄ωc
, (6)

is extracted from the exponential-decay of the
dephasing function (c.f., Eq. (3)), as shown in
Fig. 3(c). In the above equation, the reorgani-

zation energy is defined as λ = 1
2

∑
α

(
V αn,n
ωα

)2
.
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Figure 4: (a) Single-NC PL spectrum progres-
sion for a CdSe/CdS core-shell NC of 3 nm core
diameter and various shell thicknesses at an in-
termediate temperature (100K). (b) The spec-
tral linewidth vs. reorganization energy at 5
and 100K for NCs with 3 nm or 3.9 nm diame-
ter CdSe cores and 2 to 5 monolayers (ML) of
CdS shells. For all spectra calculations, a Gaus-
sian broadening of 4meV is included to account
for the spectrometer spectral resolution in the
experiments.

ωc is the characteristic frequency of the bath.
Assuming that the second-order coupling terms
dominate the contribution from higher-order
terms, the temperature dependence can be ap-
proximated by:41

1

T
(2)
2

= W 2π

∫ ∞
0

dωn(ω)(n(ω) + 1)ω2J2(ω) ,

(7)
where W is the magnitude of second-order
exciton-phonon coupling and is determined em-
pirically. n(ω) is the Bose-Einstein distribu-
tion, and J(ω) is the spectral density defined
in Eq. (4). In Fig. 3(d), we plot the total (red

curve, Eq. 5) and first-order (black curve) de-
phasing rates as a function of temperatures.
At low temperatures, the dephasing rate is
governed by the first-order term, while as the
temperature increases, the contributions of the
first- and higher-order terms become compara-
ble. The temperature dependence of the total
dephasing rate explains the change in slope of
the FWHM as temperature increases above Tc,
as shown by the red curves in Fig. 3(a) and
(b). At temperatures around kBTc = 2/W 2λ,
the first-order and second-order dephasing rates
contribute equally, leading to a temperature-
crossover behavior.
Upon validating our model Hamiltonian

against single-NC and ensemble PL measure-
ments below Tc, we applied the model to a
series of CdSe/CdS core-shell nanocrystals of
various core sizes and shell thicknesses at an
intermediate temperature of 100K, at which
distinct phonon sidebands are visible, as shown
in Fig. 4. The intermediate-temperature spec-
tra are calculated with a Gaussian broadening
of 4meV that accounts for the spectrometer
spectral resolution in the experiments. We
observe that for the same core size and for
increasing shell thickness, the energy of the op-
tical transition decreases, as expected due to
quantum confinement effects. In addition, the
reorganization energy, which is a measure of
the strength of exciton-phonon couplings, also
decreases with increasing shell thickness and
increasing core size.30,39 As a result, the widths
of both the ZPL and the LO phonon sideband
decrease for larger-core and thicker-shell NCs,
but the effect is somewhat more pronounced
for the ZPL.
Panel (b) of Fig. 4 shows the dependence of

the zero-phonon linewidth on the shell thick-
ness and the reorganization energy, respec-
tively. The reorganization energy correlates
with measured Stokes shifts,31,55 and thus, can
also be inferred from experiments. At 100K,
the zero-phonon linewidth decreases by≈ 6meV
as the shell thickness increases from 2 to 5
monolayers for both core sizes and seems to
saturate beyond ≈ 5 − 6 monolayers for the
larger core. At 5K, the ZPL linewidth also
shows a similar linear dependence on the re-

6



organization energy, with a less steep slope and
smaller change in FWHM (2−3meV as the shell
thickness increases). Given that the first-order
exciton-phonon coupling dominates the dephas-
ing rate 1/T2 below Tc ≈ 200K, the near-linear
dependence of the FWHM on the reorganiza-
tion energy at 100K and 5K can be explained
by Eq. (6) where the first-order dephasing rate
depends linearly on reorganization energy.
In this work, we developed an approach

to calculate the photoluminescence spectra of
CdSe/CdS core-shell nanocrystals and com-
pared our prediction with single-molecule PL
measurements for a wide range of tempera-
tures, overcoming challenges of blinking and
rapid charging-induced spectral shifts. Our
approach utilizes an atomistic force field to
model the phonon modes, and the semiempir-
ical pseudopotential model combined with the
Bethe-Salpeter Equation to describe the exci-
tonic structure and the exciton-phonon cou-
plings to lowest order in the phonon modes in
NCs.
The single-NC experiments reveal low-

temperature spectra of a narrow main peak
accompanied by distinct phonon sidebands and
broad, featureless room-temperature spectra.
Using linear response theory, we showed that
the calculated results accurately reproduce our
measured PL spectra below a crossover tem-
perature, Tc ∼ 200K. In the low-temperature
regime, our model explains the nature of the
narrow, slightly-asymmetric zero-phonon line.
By analyzing the coupling of individual phonon
modes to the ground state bright exciton,
we identified the specific acoustic and optical
phonon modes that lead to the sidebands.
As temperature increases above Tc, the mea-

sured zero-phonon linewidth increases more
rapidly with temperature. Anharmonic atomic
motion is examined and ruled out as the source
of further broadening in PL linewidth. We at-
tributed this crossover behavior to the increas-
ing significance of higher-order exciton-phonon
coupling, which is not included in our model,
and showed that including a second-order cou-
pling term with a single parameter accounts for
the behavior of the spectral linewidth above Tc.
We applied our model to predict the behav-

ior of the PL spectra for CdSe/CdS NCs of
different core sizes and shell thicknesses and
found that NCs with larger cores and thicker
shells have smaller overall exciton-phonon cou-
pling, as demonstrated by their reorganization
energies, as well as narrower ZPL and phonon
sidebands. The theoretical approach estab-
lished in this work assists future designs of novel
semiconductor nanocrystal materials. Increas-
ing core size, increasing shell thickness, reduc-
ing exciton-acoustic-phonon coupling, and re-
ducing second-order exciton-phonon coupling
(Duschinsky rotations) have all been demon-
strated as viable paths to achieve narrow room-
temperature linewidth in relevant NC-based
technologies.
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Supporting Information Avail-
able
Further details are provided on nanocrys-
tal synthesis, single-nanocrystal spectroscopy,
theoretical methods for parametrizing the
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nanocrystal model hamiltonian, the linear re-
sponse model for vibronic spectrum, and an-
harmonicity. See xxx [link].
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