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Multiple energy scales contribute to the radiative properties of colloidal quantum dots, including

magnetic interactions, crystal field splitting, Pauli exclusion, and phonons. Identification of the exact

physical mechanism which couples first to the dark ground state of colloidal quantum dots, inducing a

significant reduction in the radiative lifetime at low temperatures, has thus been under significant debate.

Here we present measurements of this phenomenon on a variety of materials as well as on colloidal

heterostructures. These show unambiguously that the dominant mechanism is coupling of the ground state

to a confined acoustic phonon, and that this mechanism is universal.
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The radiative properties of atoms, molecules, and meso-
scopic particles are determined to a great degree by selec-
tion rules, rendering allowed transitions ‘‘bright’’ and
disallowed transitions ‘‘dark.’’ In atoms, the symmetry of
atomic states and the spin are the only factors governing
allowed transitions. However, as the quantum system be-
comes larger, more degrees of freedom come into play
which, through coupling, can significantly modify the
nature of the emitting state. A thorough understanding of
these coupling mechanisms is crucial for our understand-
ing of the radiative properties of mesoscopic systems, as
well as for our ability to design systems with desired prop-
erties. Colloidal semiconductor nanocrystals are an excel-
lent system for study of such couplings and interactions.
Indeed, the size-tunable fluorescence properties of these
nanocrystal quantum dots (nQDs), which are governed by
quantum confinement, have been extensively scrutinized
[1,2]. Aside from the basic scientific interest, the fluores-
cence of nQDs serves as basis for their application as
fluorescent markers in biology [3] and as chromophores
in electrooptic devices such as LEDs and lasing media [4].

In these systems, the lowest energy excitation is, to
lowest order, multiply degenerate. This degeneracy is lifted
by various physical mechanisms [5]. In particular, the
e�-hþ exchange interaction leads to the formation of a
low lying dark state with total angular momentum l ¼ 2
such that the ground state is effectively a dark one (for the
simple case of spherical crystals with a cubic lattice). The
presence of such a dark state was verified experimentally
for a variety of nQD systems, including CdSe, InAs, CdTe,
and PbSe. The energetic splitting of the dark state essen-
tially manifests a 1=r3 scaling with the nQD radius (for
more details see Ref. [1] and references therein).

A systematic study of the radiative properties at low
temperatures can reveal the physical mechanisms leading
to the significantly enhanced radiative rates observed at
higher temperatures. This type of measurement was per-

formed on the prototypical system of CdSe nanocrystals
[6–9], revealing a significant shortening of the radiative
lifetime at a temperature of about 10 K. This effect was
attributed by various authors to several mechanisms, in-
cluding coupling to surface states [6], exchange interaction
with dangling bonds [7], and shape dependence of the band
edge exciton structure [9]. In this Letter we show, by con-
ducting experiments on several different materials and
particle compositions, that the low-temperature photophy-
sics of nQDs is governed by coupling with confined dis-
crete acoustic phonons, and that this behavior is universal.
On the other hand, there are observed differences between
materials, which can provide new spectroscopic informa-
tion on the ground state and its symmetry properties.
Figure 1(b) shows a set of measurements at various

temperatures up to 100 K in InAs nanoparticles, whose
detailed synthesis is given elsewhere [10] [a TEM image of
these dots is given in Fig. 1(a)]. At T > 20 K a single-
exponential decay is observed, while at very low tempera-
tures this is preceded by a rapid transient emission, clearly
observed in the top (4 K) curve. As can be readily seen, the
radiative lifetime, manifested by the slow decay compo-
nent, is on the microsecond scale, and further increases
with decreasing temperatures. Similar measurements were
performed using several sizes of nanoparticles, as well as
on CdTe nanoparticles, synthesized according to [11] and
on PbSe nanoparticles, synthesized according to [12]. The
behavior observed in Fig. 1 is universal for all particle
compositions and sizes, and is in good agreement with
previous measurements on CdSe QDs [6–9]. The data
can be attributed to emission from two states at thermal
equilibrium energetically separated by �E. The lowest
‘‘slow’’ state has a longer lifetime �s, while the lifetime
of the higher, ‘‘fast’’ state has a lifetime �f.
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A fit of the measured lifetime according to Eq. (1) is
presented in Fig. 2(a) for two sizes of InAs QDs and in
Fig. 2(b) for three sizes of PbSe QDs. For PbSe, as well as
CdSe [9] and CdTe (not shown), the lifetimes become
shorter with increasing size, while no such clear trend is
observed for InAs. One general trend, however, is observed
for all materials: The extracted �E clearly decreases as a
function of dot size, and is in the range 0:5 meV<�E<
4 meV for all cases.

The origin of this energy scale is next considered.
Typical energies for the exchange interaction splitting dis-
cussed above are larger by a factor of 5–10 as compared
with the �E observed here. For example, in 2 nm radius
InAs nQDs the exchange interaction is � 10 meV [13].
The observed energy splittings are on the same energy
scale as that of confined acoustic phonons in nQDs. The

discrete spectrum of acoustic phonons in colloidal nano-
crystals can be reasonably well approximated by Lamb
theory [14], assuming that the nanoparticle is an isotropic
sphere with stress-free boundary conditions. Briefly, the
solutions can be classified as either spheroidal or toroidal
(volume maintaining) modes, and are characterized by the
angular momentum they carry. The simplest solution is the
l ¼ 0 breathing mode, corresponding to homogeneous ex-
pansion and contraction of the entire sphere. In this case,
the vibrational frequency is given by � ¼ cL�=2�R,
where � is the solution of

tan� ¼ �

1� c2L�
2=ð4c2TÞ

; (2)

and cL and cT are the longitudinal and transverse wave
velocity in the medium, respectively. The lowest energy
mode, however, belongs to a set of l ¼ 2 solutions (in the
simplest of which, the sphere is deformed to an oblate, then
to a prolate spheroid [15]), and has an energy of approxi-
mately 40% of that of the l ¼ 0 mode (for a more detailed
solution see, for example, Salvador et al. [16]). Regardless
of the details of the mode, Lamb theory solutions are
characterized by a 1=r dependence of the discrete
acoustic-phonon energy on the particle radius.
In order to establish the role of the acoustic modes in the

temperature dependence of the fluorescence decay, we take
advantage of the fact that in a core-shell heterostructure
with a type-I band alignment (i.e., that both electrons and
holes localize in the core) the electronic properties (such as
the bright-dark energy splitting of the ground state exciton)
depend predominantly on the core size, whereas the energy
of confined acoustic phonons depends predominantly on
the overall size (since the elastic properties of the shell
material are close to those of the core). We therefore
performed temperature-dependent lifetime measurements
on core-shell/shell (CSS) InAs=CdSe=ZnSe nanocrystals
[10] with core radii ranging between 1 nm and 2.8 nm, and
compare these to measurements performed on core-only
nanocrystals (with radii of 1.8–2.4 nm).
As can be seen from Fig. 3, the energy splitting follows a

linear dependence on the inverse overall radius of the
nanoparticle, as expected for an acoustic-phonon mediated
process. In particular, one should note that the splitting for
the 1 nm core radius CSS nanoparticle (having an overall
radius of 2.5 nm) is smaller than that of the 1.8 nm radius
core-only nanoparticle. This is opposite to what should
have been observed for a splitting of electronic origin. In
Fig. 3, we further plot acoustic-phonon energies extracted
from transient absorption measurements of InAs nQDs
[17], showing good agreement with the present findings,
and also good agreement with the calculated energy of the
l ¼ 0 breathing mode (dashed line). Therefore, the data
unequivocally show that the emission properties at low
temperature are dominated by coupling to a discrete acous-
tic mode.
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FIG. 2 (color online). The observed lifetime as a function of
temperature, plotted along with fits from which �E is extracted
(dashed lines) for various sizes of (a) InAs nanocrystals, r ¼
1:8 nm (�s ¼ 1:2 �s, �f ¼ 90 ns, �E ¼ 3:3 meV circles), r ¼
2:4 nm (�s ¼ 1:5 �s, �f ¼ 130 ns, �E ¼ 2:2 meV diamonds),

and (b) PbSe nanocrystals, r ¼ 1:6 nm (�s ¼ 12 �s, �f ¼
2:5 �s, �E ¼ 1:2 meV circles), r ¼ 1:8 nm (�s ¼ 6:5 �s,
�f ¼ 2:0 �s, �E ¼ 1:0 meV diamonds), r ¼ 2:15 nm (�s ¼
3:3 �s, �f ¼ 0:9 �s, �E ¼ 0:9 meV �’s).
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FIG. 1 (color online). (a) Transmission electron microscope
image of InAs/CdSe/ZnSe nanocrystals with a core radius of
2.4 nm and a total radius of 3 nm (scale bar is 50 nm).
(b) Normalized time resolved emission traces from these nano-
crystals at several temperatures. A clear decrease in the (nearly
single-exponential) lifetime is measured between 4 K (top) and
80 K (bottom). At low temperatures (T � 10 K) a fast transient
is observed. Plots are vertically shifted for clarity.
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The universality of the assignment of the observed split-
ting to acoustic modes is further demonstrated in Fig. 4,
which represents a large collection of such energetic split-
tings for different nQD systems. Also plotted are compi-
lations of acoustic-phonon energies obtained by different
measurement techniques, including transient absorption
(TA) [17–20], resonant Raman spectroscopy [20–23] and
emission spectroscopy [24]. We also plot simple calcula-
tions of Lamb theory for the lowest energy l ¼ 2 spheroi-
dal mode (lower dashed lines), and for the l ¼ 0 spheroidal
breathing mode (upper dashed lines). Elastic parameters
for these cases were obtained from Refs. [12,25,26]. Note
that the matrix properties have some effect on the Lamb
theory predictions, not considered here [27].

Figure 4(a) presents the data on the acoustic-phonon
energies derived from temperature-dependent lifetime
measurements in CdSe nQDs [blue (dark gray) circles]
and from a variety of techniques used to probe acoustic-
phonon energies, including TA measurements (black) [17–
19], Raman measurements [red (light gray)] [21–23], a
spectrally resolved emission measurement (green penta-
gram) [24], and previous temperature resolved lifetime
measurements (blue) [7,9]. All measurements seem to
line up with the two modes calculated from Lamb theory.

Similar graphs, albeit with significantly less available
data, are plotted in Fig. 4(b) for InAs, Fig. 4(c) for PbSe,
and Fig. 4(d) for CdTe. As can be seen, the agreement
between the l ¼ 2 prediction from Lamb theory and �E
extracted from the temperature-dependent lifetime mea-
surements is good for all materials except InAs, where the
measurements are in very good agreement with the l ¼ 0
mode.

Phonon-mediated brightening of the exchange-splitting
related dark state has been extensively observed in relation
to LO phonons [1,5,6], where it was shown that the relative
contribution of the 1-phonon line to the emission is sig-
nificantly larger at low temperatures. Coupling of the l ¼ 2
exchange-split ‘‘dark’’ transition to l ¼ 1 or l ¼ 2 acoustic
modes had been considered theoretically over a decade ago
[28]. Coupling to the discrete acoustic mode provides the
required angular momentum to render the optical transition
allowed. Indeed, our data for CdSe, CdTe, and PbSe are
consistent with coupling to the spheroidal l ¼ 2 acoustic
mode. These results are, in fact, supported by cryogenic
fluorescence line-narrowing experiments [6], where it was
observed that the zero-LO-phonon line contribution to the
emission (which can be acoustic-phonon assisted) dramati-
cally increases as the temperature is increased from 1.75 to
10 K. From these results and from our current experimental
findings, we assign the ‘‘slow’’ transition at the lowest
temperature to emission from the ground (0-LO-phonon,
0-AO-phonon) vibronic state of the electronically excited
state to the first LO-phonon level in the ground state
(giving rise to emission redshifted by 1-LO-phonon en-
ergy). The ‘‘fast’’ component observed at higher tempera-
tures is assigned to the transition from the l ¼ 2 acoustic-
phonon coupled electronic excited state to the 0-LO-
phonon vibronic ground state (giving rise to zero-LO-
phonon-line emission blueshifted by one-AO-phonon en-
ergy). It is important to note that these three materials are
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FIG. 4 (color online). Acoustic-phonon energies from
temperature-dependent lifetime measurements [blue (dark
gray)] as compared with those obtained from Lamb theory
(dashed lines: upper is the l ¼ 0 mode and lower is the lowest
energy l ¼ 2 mode) as well as from various other types of
measurements—TA (black), Raman [red (light gray)], and spec-
trally resolved emission (green pentagram). Data are presented
for the following: (a) CdSe (black diamonds [17], �’s [18],
crosses [19]; red crosses [21], diamonds [22], �’s [23]; green
pentagram [24]; blue crosses [7], circles [9]). (b) InAs (black�’s
[17], blue circles this work). (c) PbSe (black �’s and red �’s
[20], blue circles this work). (d) CdTe (blue circles this work).
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FIG. 3 (color online). The activation energy for reduction in
the radiative lifetime for various sizes of core-only InAs QDs
(empty red circles) and CSS InAs=CdSe=ZnSe (filled black
circles) QDs as a function of the inverse overall radius of the
particles. Also plotted are TA measurements (blue �’s[17]) and
the Lamb theory prediction for the l ¼ 0 mode (dashed line).
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of different crystal structures: wurtzite for CdSe, zinc
blende for CdTe, and rock salt for PbSe. Nevertheless,
the results manifest universal behavior.

The results on InAs shed some new spectroscopic light
on the nature of the ground state exciton in this system. In
this case, unlike CdSe, CdTe (which, like InAs has a cubic
zinc blende structure), or PbSe, the ground state emission
does not couple to the l ¼ 2 mode, but rather the energies
are consistent with the l ¼ 0 breathing mode. This implies
that the symmetry of the ground state optical transition is
different in this case. Eight band effective mass based
calculations show that for InAs the P state in the valence
band is only slightly higher in energy than the S state [29].
Pseudopotential calculations predicted a P-like nature for
the ground hole state [30]. The proximity between these
two states is thus expected to modify the properties of the
ground state optical transition, including its coupling to
acoustic modes.

The presented measurements and analysis provide solid
proof that other physical mechanisms invoked for descrip-
tion of the lifetime increase below 20 K in nQDs, involving
surface states [6,7] or a (dipole induced) change in the
exciton fine structure [9], are, at the very least, not domi-
nant. Instead, coupling with confined acoustic phonons is
shown to induce excitonic decay. Confined acoustic modes
therefore play a significant role not only in dephasing of
the electronic transition in nQDs [1,31] but also in the
radiative properties of the ground state transition. The
universal behavior emphasizing the central role of the
discrete acoustic modes in the radiative relaxation of the
nQDs is unique to these types of quantum dot systems. In
embedded QDs grown, for example, by molecular beam
epitaxy, there is three-dimensional electronic confinement,
but there is still a continuum of acoustic modes related to
the boundary conditions where the host semiconductor
possesses nearly similar elastic parameters as the dots.
Indeed, contrary to the nQD system, the radiative lifetime
of epitaxially grown QDs is nearly temperature indepen-
dent below �50 K [32].
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