
Published: May 19, 2011

r 2011 American Chemical Society 2358 dx.doi.org/10.1021/nl2007032 |Nano Lett. 2011, 11, 2358–2362

LETTER

pubs.acs.org/NanoLett

Spatially Indirect Emission in a Luminescent Nanocrystal Molecule
Charina L. Choi,†,‡ Hui Li,§,|| Andrew C. K. Olson,†,‡ Prashant K. Jain,†,‡ Sanjeevi Sivasankar,*,§,||

and A. Paul Alivisatos*,†,‡

†Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
‡Department of Chemistry, University of California at Berkeley, Berkeley, California 94720, United States
§Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, United States

)Ames Laboratory, U.S. Department of Energy, Ames, Iowa 50011, United States

bS Supporting Information

Kasha’s rule is a principle governing luminescence behavior in
organic molecules: radiative emission occurs only from the

lowest energy excited state of the molecule.1 This rule follows
from kinetic considerations: nonradiative internal conversion
between excited states of a given multiplicity is typically fast relative
to radiative emission, while internal conversion and radiative emis-
sion rates are competitive for relaxation from the lowest excited state
to the ground state. Rare molecular exceptions2 to Kasha’s rule exist
via decreased nonradiative rates caused by large excited state level
spacings, or thermal population of low-lying excited states followed
by radiative emission. Highly luminescent nanocrystal molecules,3

which consist of electronically coupled quantum dot atoms4�6

typically in a type-I core/shell configuration, also obey Kasha’s rule
due to relatively fast nonradiative relaxation from higher energy
excited states. However, utilizing recent advances in the synthesis of
more complex nanocrystal heterostructures, it is conceivable that a
nanocrystal molecule with bright photoluminescence may be de-
signed to radiatively emit from multiple excited states to the ground
state. Here we demonstrate a nanocrystal molecule, the CdSe/CdS
core/shell tetrapod, which breaks Kasha’s rule by exhibiting radiative
transitions from multiple excited states. Using single particle lumi-
nescence spectroscopy, we study the scaling of this violation with
experimental parameters and quantify the distribution of energy
differences between transitions. We show that in addition to the
expected LUMO to HOMO radiative transition, a higher energy
transition is allowed via spatially indirect recombination.

The CdSe/CdS core/shell tetrapod is a tetrahedrally sym-
metric nanocrystal molecule consisting of a zinc blende CdSe

quantum dot core and four epitaxially attached CdS arms
(Figure 1a,b).7,8 In analogy to organic molecules, the energy
levels of the tetrapod can be described using the language of
molecular orbitals, although it is noted that nanocrystal molecule
energy levels are not orthogonal. The HOMO of the CdSe/CdS
tetrapod involves a hole that is dominantly localized within the
central CdSe core, while the LUMO is centered within the
core but has a substantial probability of presence in the four arms.
The quasi-type-I band alignment of this CdSe/CdS heterostruc-
ture results in high luminescence quantum yields of 30�60%.8

The photoluminescence spectrum from an ensemble of CdSe/
CdS tetrapods taken at low excitation fluence exhibits a single
emission peak at∼1.9 eV (Figure 1c), corresponding to emission
of an electron into the HOMO level; the peak width of∼0.12 eV
at room temperature is typically considered to be a convolution
of the temperature-dependent single particle intrinsic line width
and sample polydispersity due to quantum size effects.5 The
ensemble excitation spectrum contains a second higher energy
absorption threshold (∼2.4 eV) above the lowest band gap due
to absorption in the CdS arms (Figure 1c). At high excitation
fluence, emission from the recombination of carriers in CdS may
also occur;9 this is analogous in effect to a molecule containing
two uncoupled chromophores.
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ABSTRACT: Recent advances in the synthesis of multicompo-
nent nanocrystals have enabled the design of nanocrystal mol-
ecules with unique photophysical behavior and functionality.
Here we demonstrate a highly luminescent nanocrystal molecule,
the CdSe/CdS core/shell tetrapod, which is designed to have
weak vibronic coupling between excited states and thereby
violates Kasha’s rule via emission from multiple excited levels.
Using single particle photoluminescence spectroscopy, we show
that in addition to the expected LUMO to HOMO radiative
transition, a higher energy transition is allowed via spatially indirect recombination. The oscillator strength of this transition can be
experimentally controlled, enabling control over carrier behavior and localization at the nanoscale.
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On the basis of the electronic structure alignment of a CdSe/CdS
nanocrystal heterostructure10,11 and the single particle emission
behavior of other semiconductor nanocrystals,5 it is expected, at
least for low excitation fluence, that a single CdSe/CdS tetrapod
would emit from only one transition with energy corresponding
to the HOMO�LUMO gap of the combined core�shell system.
In this Letter, we use single particle luminescence spectroscopy
to show that tetrapods can emit radiatively at multiple energies
within the spectral range of the CdSe optical band gap
(Figure 1d). This behavior is obscured in ensemble measure-
ments due to sample polydispersity and also because a majority
of tetrapods exhibit a single radiative transition during the
observation time (Figure 1e).

The propensity for radiative transitions from multiple states is
affected by several factors, including tetrapod arm length, incident

photon fluence, and excitation energy. We studied these effects by
measuring the photoluminescence spectra and intensity traces from
single tetrapods using a home-built single molecule confocal
microscope.12 Data were collected for tetrapods with 15, 30, or
45 nm arms using 2.33 or 2.54 eV laser excitation at intensities
ranging from 0.3 to 18 μW (Methods, Supporting Information). In
total, 260400 spectral frames from 651 tetrapods were analyzed.

Tetrapod arm length is an important factor governing the
electron wave function delocalization since longer arm lengths
increase the probability that an excited electron is located in the
CdS arm.9,13 We found that increasing the tetrapod arm length
increased the occurrence of emission from multiple peaks at
energies around the CdSe band gap (Figure 2a), suggesting that
these multiple emissions were related to an increased occurrence of
excited electrons located in the CdS arms. The incident photon flux
affects the rate of exciton generation. If multiple peak emission were
caused by multiple excitons, we would expect an increase in
occurrence with increasing laser intensity;14 instead we observed a
decrease (Figure 2b). The photon energy used to excite the system
can alter the spatial origin of carriers due to different band gaps of the
heterostructure components; 2.33 eV photon excitation around
the CdSe band gap predominantly excites carriers located in the
core, whereas photons at 2.54 eV are likely to excite some carriers in
the CdS arms as well (Figure 1c). We found that the propensity for
multiple radiative transitionswas similar regardless of photon energy
(Figure 2c), demonstrating that the mechanism for multiple emis-
sions was mostly independent of the spatial origin of excited
electrons and holes. Recent studies of single tetrapods at cryogenic
temperatures have not revealedmultiple luminescence transitions at
these energies,13,15 suggesting that thermal energy also plays a key
role in this phenomenon.

Figure 1. Emission from two discrete energy states is observed in single
CdSe/CdS tetrapod nanocrystal molecules. (a) The CdSe/CdS core/
shell tetrapod consists of a zinc blende CdSe core (red) with wurtzite
CdS arms (yellow). (b) TEM image of CdSe/CdS tetrapods with 30 nm
arms. The tetrapods are oriented with three arms on the substrate and
the fourth arm protruding out of the plane of the page. (c) Photo-
luminescence excitation (orange, collected at the emission peak) and
emission (blue) spectra from an ensemble of CdSe/CdS tetrapods. (d)
Luminescence spectra of a representative 30 nm arm single tetrapod at
different time frames (0.1 s integration time). Two emission peaks are
clearly seen. (e) The single tetrapod time-integrated emission spectra
(dotted curves) summed together (purple curve) reproduce the Gauss-
ian-shaped ensemble fluorescence band; shown here are data for
tetrapods with 30 nm arms. Sample traces from singly emitting
(black) or multiply emitting (red) single tetrapods are shown for
comparison. The amplitude of the ensemble curve is reduced on this
plot for clarity.

Figure 2. The multiple emission peaks are due to recombination of the
CdSe-confined hole with an electron primarily located in either the
CdSe or CdS. The fraction of single tetrapods exhibiting multiple peak
emission as a function of (a) tetrapod arm length (at 2.54 eV excitation
and 1 μWpower), (b) incident laser power (for 30 nm arms and 2.54 eV
excitation), and (c) excitation wavelength (for 45 nm arms and 1 μW
power). (d) Histogram of the energy difference between emission peaks
for single tetrapods which emitted radiatively at multiple energies
(45 nm arms and 1 μW incident power). This total histogram plot
represents data from 18000 spectra from 45 tetrapods. (e) Histogram of
the on and off dwell times for the lower (P1) and higher (P2) energy
peaks in single tetrapods (45 nm arms and 1 μW incident power).
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All of the above observations support a model in which the
additional radiative transition is caused by spatially indirect
emission across the CdSe/CdS heterojunction. Similar behavior
has been observed previously in type-II nanocrystal heterostruc-
tures in the form of charge-transfer emission.16�18 The prob-
ability of spatially indirect radiative recombination will increase
with increasing CdS arm length. Because spatially indirect
transitions are slower relative to the rate of direct transitions,
increasing the incident photon flux may saturate the indirect
channel before the direct channel, resulting in a reduction of the
relative yield of indirect transitions.19,20 Temperature also plays a
role in the propensity for the indirect transition: thermal energy
at room temperature allows a non-negligible population of
electrons in a CdS-dominant excited state, increasing the prob-
ability of a spatially indirect emission, regardless of the spatial
origin of the carrier.

The energy difference between the multiple emission peaks
provides additional insight into the nature of the radiative transi-
tions. An intensity-weighted histogram of the energy of all observed
transitions relative to the lowest energy transition shows three peaks
(Figure 2d histogram for tetrapods with 45 nmCdS arms;Methods,
Figure S3, Supporting Information). The first peak, labeled “P1” and
centered around 0 eV, represents emission from the lowest energy
transition, while “P2” labels the two remaining peaks on this total
histogram: a broader peak around 60 meV and a much smaller,
sharper peak around 110 meV. Only two of the 106 total mul-
tiply emitting particles exhibited emission at three peaks; most
particles exhibited emission from only two states. The existence of
two higher energy transitions further supports a model in which
additional emissions are caused by spatially indirect transitions.
Although a tetrapod is tetrahedrally symmetric, this symmetry is
broken when it is immobilized on a substrate; tetrapods preferen-
tially adsorb with three arms slightly bent on the substrate and the
fourth armupright21 (Figure 1b). Strain from armbending increases
the Cd�S bond lengths especially near the CdSe core, lowering the
energy of the CdS conduction band.22 Thus, the energy of indirect
emission from an electron in a strained arm would be lower relative
to emission from the upright arm. It is important to note that arm
bending induces strain in both the CdSe core and the three bent
CdS arms, slightly altering the band structure of both components;
only the fourth CdS arm remains unstrained relative to the
equilibriumconfiguration. The lower andhigher energyP2 emission
peaks can be attributed to transitions involving electrons in the
strained and unstrained arms, respectively.

Transition dwell times in and out of both P1 and P2 emission
states follow the power law behavior characteristic of blinking
from a single emitter23 (Figure 2e), demonstrating that the
duration of luminescence for both radiative transitions is likely
dictated by blinking phenomena and also suggesting that the
transitions are independent.

The above analysis assumes that the lowest energy transition is
the direct transition (Supporting Information), which is likely
considering the measured bulk and nanostructured band
alignments10,11 and electronic structure calculations.9 However,
further experiments combining single particle fluorescence spec-
troscopy with lifetime measurements will allow definitive assign-
ment of emission peak energies to a spatially direct or indirect
transition.

The existence of multiple allowed radiative emissions provides
another means to probe carrier behavior across a nanoscale
heterojunction. From the fluence-dependence data (Figure 2b)
we can calculate a radiative lifetime for the spatially indirect

emission (Supporting Information). For a system with a single
radiative channel

Nem ¼ Nabsð1� ek=IÞφ
whereNem is the number of emitted photons,Nabs is the number
of absorbed photons, k is the radiative rate, I is the rate of incident
photons, and φ is the intrinsic quantum yield of the transition;
e�k/I is the loss of quantum yield from saturation of the
recombination channel. By extension of this expression to a
two-channel system, using a literature value for 1/kdirect,CdSe e
1/kCdSe quantum dot ∼ 10 ns,24 we calculated a lower limit for the
radiative lifetime of 1/kindirect,CdSfCdSe ∼ 200 ns (Methods,
Supporting Information). This value is in good agreement with
reported values of spatially indirect luminescence lifetimes in
other systems.25,26

A schematic of the allowed transitions in the CdSe/CdS
tetrapod nanocrystal molecule is shown in Figure 3. Electronic
structure calculations of CdSe/CdS tetrapods9 show that the
LUMO is concentrated in the CdSe core with some probability
extending to the CdS arms, while the LUMOþ1 is located
primarily within each of the four CdS arms. The first 11 hole
excited states are confined within the CdSe core. Hence, the hole
is expected to undergo relaxation to the HOMO level before
radiative recombination can take place. The primary mode of
emission is therefore expected to be due to radiative recombina-
tion of a CdSe-localized hole (HOMO) with an electron
primarily in the CdSe core (LUMO), corresponding to a spatially
direct recombination. However, reduced coupling between the
LUMO and the LUMOþ1 states due to their small spatial
overlap can allow radiative recombination of a CdSe-localized
hole in the HOMO with an electron largely located within the
CdS arms (LUMOþ1) before this electron can relax to the
LUMO level. The latter corresponds to a spatially indirect
recombination. The spatially separated CdSe and CdS compo-
nents in the tetrapod and the band alignment of the resulting
heterostructure create a partially coupled system in which
radiative emission from multiple states is allowed.

Figure 3. Schematic of the allowed spatially direct and indirect transi-
tions in the CdSe/CdS tetrapod nanocrystal molecule. The LU-
MO�HOMO transition occurs primarily within the CdSe core,
corresponding to a spatially direct recombination. Reduced coupling
between the LUMO and the LUMOþ1 states due to their small spatial
overlap additionally allows radiative emission of an electron from the
LUMOþ1, located primarily within the CdS arms, to the HOMO,
concentrated primarily in the CdSe core (see text). This transition
corresponds to a spatially indirect recombination. The lifetime of this
transition is calculated to be ∼200 ns using the fluence-dependent data
(Figure 2b and Supporting Information).
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In this work, we demonstrate at the single particle level that the
oscillator strength of the spatially indirect transition can be tuned by
changing the arm length of the tetrapod; we predict that the lifetime
and energy of this transition can also be altered by appropriate
structural modifications. The excited state lifetime of a CdSe/CdS
tetrapod increases with arm length;8,27 the lifetime of the indirect
transition should thereby increase as well. A multipod with many
CdS arms protruding from a CdSe core might exhibit a spatially
indirect transition with the same lifetime as a tetrapod with similar
arm lengths, but with increased oscillator strength due to the greater
number of arms. A CdSe/CdS tetrapod with extremely thick arms
may reduce the quantum confinement in CdS and result in a type II
heterostructure,18,28 changing the energy of the indirect transition.
Mechanical strain, which can alter the electronic structure and
optical behavior in nanocrystal systems,22,29,30 may also provide a
way to achieve a desired configuration of direct and indirect
transitions in a nanocrystal system.

Control over spatially direct and indirect transitions is important
for access to both novel fundamental nanoscale behavior and also
the rational design of functional systems. Control over carrier
localization and transport is extremely important in many applica-
tions including photovoltaics and solar-to-fuel. Additionally, multi-
color emission within a single highly luminescent particle may
provide a unique optical tool. Advances in synthetic techniques to
increase the structural and behavioral homogeneity of these complex
systems will be crucial efforts toward these goals.
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