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ABSTRACT: Temperature-dependent single-particle spectroscopy is used to study
interfacial energy transfer in model light-harvesting CdSe/CdS core−shell tetrapod
nanocrystals. Using alternating excitation energies, we identify two thermalized exciton
states in single nanoparticles that are attributed to a strain-induced interfacial barrier. At
cryogenic temperatures, emission from both states exempliﬁes the eﬀects of intraparticle
disorder and enables their simultaneous characterization, revealing that the two states are
distinct in regards to emission polarization, spectral diﬀusion, and blinking.

SECTION: Physical Processes in Nanomaterials and Nanostructures
increasing the ﬂuorescence quantum yield. Such a class of
nanocrystals, called type-I heterostructures, has been successfully implemented in biolabeling applications10,11 due to their
pronounced ﬂuorescence brightness. For a type-II heterostructure, the core and shell materials can have staggered oﬀsets
between the conduction and the valence bands,12 conﬁning one
of the excited state charge carriers to the core and the other to
the shell. This class of heterostructures naturally favors the
separation of the excited state carriers and may therefore be
beneﬁcial for photovoltaic and light-harvesting applications.13
Whereas signiﬁcant progress has been made in the fundamental
understanding and synthesis of these heterostructures, a
detailed picture of the energy transfer in these multicomponent
structures, especially across the semiconductor interface,
remains incomplete and is necessary to maximally harness
their full potential.
In a model multicomponent light-harvesting system, one
component serves as an antenna, which absorbs optical energy
and then transfers the excitation to a second component that
acts as a “reaction center”.14 This basic two-step process can be
mimicked in semiconductor nanocrystal systems, where a shell
with a large optical absorption cross-section acts as the antenna,
while the core acts as the reaction center. Upon absorption by
the shell of a photon with energy greater than the band gap, an
electron and hole are created, constituting a “hot” exciton. The

C

olloidal semiconductor nanocrystals constitute an intriguing material system that displays the rich physical
phenomena of quantum-conﬁned systems with the beneﬁt of
facile, wet-chemical synthesis and processing.1 Bridging the gap
between a bulk semiconductor material and its constituent
atoms, semiconductor nanocrystals are typically composed of
thousands of atoms but exhibit a variety of optoelectronic
properties that are reminiscent of single molecules, such as
ﬂuorescence blinking,2 spectral diﬀusion,3 and ﬂuorescence
antibunching.4 In this size regime, the electronic energy levels
of semiconductor nanocrystals are typically thought of in terms
of the traditional valence and conduction band states of the
corresponding bulk material that can be sensitively tailored with
size and morphology of the particles due to the quantum
conﬁnement eﬀect. Multicomponent heterostructure design
permits even further control over electronic states, in particular,
the excited state carrier wave functions and dynamics. This
facile ability to tailor the optoelectronic properties through
composition and morphology has made semiconductor
heterostructures attractive for various applications including
lasing,5 dual-color labeling,6 photocatalytic hydrogen production,7 ﬂuorescence resonance energy transfer schemes,8 and
exciton storage.9 For example, if a semiconductor nanocrystal
core is passivated with a shell of a second, wide band gap
semiconductor, then it is possible to localize the wave functions
of the excited state carriers in the valence band (the holes) and
in the conduction band (the electrons) to the core, thereby
increasing the overlap between the electron and hole, reducing
exposure of the carriers to surface states and ultimately
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Received: January 10, 2013
Accepted: February 5, 2013
Published: February 5, 2013
691

dx.doi.org/10.1021/jz400070g | J. Phys. Chem. Lett. 2013, 4, 691−697

The Journal of Physical Chemistry Letters

Letter

the quantum-conﬁned band gap of the CdSe core. At excitation
energies above 2.7 eV, the absorption cross-section of the CdS
shell can be more than two orders of magnitude larger than that
of the CdSe core;23 therefore, the CdS arm is primarily excited,
requiring a charge-transfer process to occur for recombination
in the core. Excitation energies lower than 2.7 eV are below the
band gap of the CdS shell but are still above the band gap of
CdSe, leading to direct excitation of the CdSe core, and bypass
the charge-transfer process for core emission. Thus, by
appropriately choosing the excitation energy, we have the
ability to either directly excite the core or indirectly excite the
core by ﬁrst exciting the CdS shell, allowing us to compare the
diﬀerent relaxation pathways of the charge carriers. These
optical properties are typically discussed in terms of the band
alignment of the two constituent materials, where it is generally
believed that the conduction bands of the two materials are
approximately aligned, whereas a large oﬀset exists between the
valence bands, leading to a higher energy valence band state
that is localized in the CdSe core.24 As a result, a quasi-type-II
heterostructure is formed where the photoexcited hole is
thought to be strongly localized to the CdSe core, while the
electron is supposed to be delocalized over both the core and
the shell. Whereas this description is often adequate to explain
ensemble-level observations, the band alignment of single
nanoparticles depends on the particular morphology of both
the core and shell; therefore, slight deviations from the quasitype-II heterostructure band alignment can be expected from
one particle to another. Only a few experimental techniques are
available to study band-oﬀsets of single particles.25 The most
eﬀective approach is optical spectroscopy under the premise of
two distinct excitonic states.17
Single-particle spectroscopy measurements were conducted
using a home-built wide-ﬁeld low-temperature ﬂuorescence
microscope. The CdSe/CdS tetrapods were synthesized using a
previously established protocol,23 yielding particles with a ∼4
nm diameter CdSe core surrounded by an anisotropic CdS shell
that consists of four arms that are ∼6 nm in diameter and ∼25
nm in length. For the single-particle measurements, the
tetrapods were diluted in toluene and spin-cast on a quartz
substrate such that individual tetrapods were well-isolated and
easily resolved by the ﬂuorescence microscope. The samples
were mounted in a coldﬁnger liquid helium cryostat and cooled
to the desired temperature. The fundamental frequency of a
tunable excitation laser (Coherent Chameleon Ultra II
Ti:Sapphire, 80 MHz repetition rate, ∼140 fs pulse length)
was doubled using a second harmonic generator (APE) to
produce optical excitation light at either 2.76 (450 nm) or 2.48
eV (500 nm). The excitation was then passed through an
achromatic λ/4 wave plate to produce circularly polarized light
and focused onto the sample at an angle of incidence of 60°.
Low excitation densities were used (∼10 W/cm2 at 2.76 eV and
∼75 W/cm2 at 2.48 eV) throughout the experiment −
approximately an order of magnitude below the multiexciton
regime, which was identiﬁed by the onset of a sublinear
dependence of emission intensity on excitation power. The
excitation power used at 2.48 eV was ∼7.5× higher to obtain
comparable emission intensities at the two excitation energies.
Ensemble absorption and excitation spectra indicate that the
quantum eﬃciencies at the two energies are similar at room
temperature (∼40%),23 but the lack of such data at low
temperatures prevents us from unequivocally disentangling the
diﬀerences in absorption cross sections and quantum
eﬃciencies from the diﬀerent excitation intensities used here.

energy of the exciton that is in excess of the band gap of the
nanocrystal is quickly dissipated via nonradiative processes,15
and the electron and hole thermalize to a lower conduction
band and higher valence band state, respectively. In this
simplistic picture, it is expected that the electron and hole
ultimately thermalize to the lowest energy exciton state.
However, recent evidence at the single particle level has
revealed the possible presence of two distinct thermalized
exciton states in model CdSe/CdS core−shell heterostructure
systems at both cryogenic16 and room temperature17 and thus
emphasizes the need for a better understanding of energy
transduction in these materials.
Intraparticle disorder in heterostructure nanocrystals has
long been neglected but can lead to subtle optical and
electronic characteristics that can persist up to room temperature. For example, the eﬀects of strain at the interface as a
result of the lattice mismatch between the core and the shell
materials can give rise to important modiﬁcations of the
properties of the heterostructure.18,19 Because the thermal
expansion coeﬃcients of the materials that make up the
heterostructure can be diﬀerent,20 the eﬀect of strain on a single
particle can have a complex temperature dependence as the
amount of strain as well as thermal energy in the system
change. However, measurements at the ensemble level suﬀer
from inhomogeneous broadening and mask the eﬀects of such
intraparticle disorder, thus necessitating the application of high
signal-to-noise single-particle techniques. Here we report a
detailed study of the two distinct, thermalized exciton states
that are identiﬁed in CdSe/CdS core−shell nanocrystal
tetrapods and attributed to a strain-induced potential barrier
at the interface of the heterostructure. We show that the
intraparticle electronic disorder in CdSe/CdS core−shell
heterostructures can be studied by monitoring the emission
spectrum of single nanocrystals while switching between
excitation of the CdSe core and the CdS shell. At cryogenic
temperatures of <50 K, we identify a signiﬁcant number of
particles that display emission from both exciton states under
excitation above the CdS gap. This eﬀect serves as an additional
source of inhomogeneous broadening in the ensemble
spectrum. Using this dual emission, we characterize the two
exciton states and show that they have diﬀerent emission
polarizations, blinking statistics, and spectral diﬀusion behavior,
demonstrating that there are two distinct emissive species
present in the single nanocrystal. We ﬁnd that the emission
energy depends on the excitation energy at temperatures of up
to 100 K, revealing the existence of two diﬀerent radiative
recombination pathways due to inhibited carrier thermalization.
Serving as a model light-harvesting system, CdSe/CdS
heterostructures are prototypical core-shell nanocrystals and
have been synthesized in a variety of forms including quantum
dots, nanorods, tetrapods, and even, recently, octapods.21 In
this work, we focus on CdSe/CdS tetrapod structures, which
are especially interesting because of the large absorption crosssection of the CdS arms and their antenna-like geometry, which
enables eﬃcient light absorption regardless of the incident
polarization.22 Furthermore, their high quantum yield and
photostability 23 make them ideal for single-particle
spectroscopy. Room-temperature ensemble spectroscopy measurements of the CdSe/CdS tetrapods23 reveal their model lightharvesting behavior. Regardless of the absorbed excitation
energy, exciton recombination mostly occurs in the core, as is
evident from the photoluminescence spectrum that is
dominated by a single peak around 1.95 eV, corresponding to
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considering a potential barrier at the interface that inhibits
complete thermalization and results in two diﬀerent emission
states: Under arm excitation, an indirect exciton is formed such
that recombination necessitates charge transfer of one of the
carriers across the interface (Figure 1b left panel), whereas
direct excitation of the core forms a direct exciton, where both
the electron and hole are localized in the core (Figure 1b, right
panel). Even though the band alignment of the particle is that
of a type-II heterostructure, the particle essentially behaves like
a type-I heterostructure under core excitation and a type-II
heterostructure under arm excitation.29 This proposed rationalization predicts a slower relaxation rate under arm excitation
than core excitation because the overlap between the wave
functions of the electron and hole for the indirect exciton
should be smaller than that of the direct exciton. For similar
species, Choi et al.17 predict that the relative diﬀerence of
relaxation rates can exceed an order of magnitude. We therefore
note that ultimate conﬁrmation of this hypothesis may
necessitate a combination of single-particle lifetime measurements with the low-temperature spectroscopy technique
presented here.
To exclude the possibility of multiparticle eﬀects, we
followed the same preparation procedure on a silicon wafer
and imaged the sample on a scanning electron microscope.
Aggregation of the tetrapods was not found in any of the
inspected particles. Furthermore, the distribution of (intraparticle) excitation-induced energy shifts is signiﬁcantly smaller
than the interparticle distribution of emission energies shown in
Figure S1 (Supporting Information). If spectral switching was
due to an interparticle eﬀect, then one would expect the
distribution of excitation-induced energy shifts to match the
interparticle distribution of emission energies. However, the
largest excitation-induced shift that we observe is ∼25 meV,
whereas the tetrapod emission energy distribution spans ∼120
meV. Moreover, as is evident in Figure 1a, both states show
correlated spectral diﬀusion over the course of the measurement, which could be the case for particle aggregates only if the
cores were practically attached to each other, an unlikely
scenario due to the intrinsically shielding geometry of the
tetrapods.
A substantial portion (20%) of the tetrapods that exhibited
excitation-modulated emission behavior at 4 K also showed
emission from both exciton states in the form of dual peaks in
the emission spectrum. Of these tetrapods, the dual peaks were
observed either under both excitation of the core and arm or
just under excitation of the arm, vanishing under core
excitation. In only one rare exception did we see a tetrapod
that exhibited dual peaks only under direct excitation of the
core. Consequently, we propose that the double peak emission
spectrum for these tetrapods reﬂects two competing thermalization pathways of the excited state, as depicted in the
schematic inset in Figure 2b. Essentially, a hot exciton may relax
to either the indirect or direct exciton state. However, once the
exciton is thermalized, the environmental thermal energy (at 4
K) is insuﬃcient to mix the two states. This implies that the
time scale for complete thermalization in the CdS arm is
competitive with the time scale of energy funneling to the CdSe
core.
These particles that exhibit dual-state emission allow us to
simultaneously compare and contrast the two exciton states.
Figure 2 shows emission polarization measurements of the two
emissive species, which were conducted by inserting a
Wollaston prism in the emission path (Figure 2a) and

Luminescence was collected with a long-working-distance
objective (Olympus, 40×, NA = 0.55) through a long-pass
emission ﬁlter that removed light with energies higher than 2.3
eV and focused onto an imaging spectrometer connected to a
CCD camera (Princeton Instruments, CoolSnap HQ2)
operating with integration times ranging from 5 to 20 s.
Using single-particle ﬂuorescence excitation measurements,
we have previously identiﬁed a considerable subset (26%) of
CdSe/CdS tetrapods that, at cryogenic temperatures (4 K),
exhibit two distinct CdSe exciton states depending on the
energy of the optical excitation.16 In Figure 1a, we elaborate on

Figure 1. Excitation induced switching of the emission energy of an
individual tetrapod at 50 K. (a) The emission spectrum of a single
tetrapod exhibits modulation with time corresponding to alternating
excitation energies. Under arm excitation at 2.76 eV, the emission
spectrum is systematically lower in energy by an average value of ∼15
meV than the emission spectrum under core excitation at 2.48 eV. As
depicted in panel b, the modulation behavior can be explained with a
single-particle band alignment scheme that incorporates a small band
oﬀset between the conduction bands of the core and shell materials as
well as an interfacial barrier that prevents complete thermalization of
the electron. Excitation of the arm leads to an indirect interfacial
exciton, whereas excitation of the core forms a direct exciton.

that observation and show the systematic modulation of the
emission spectrum of a single tetrapod under alternating arm
(2.76 eV) and core (2.48 eV) excitation at 50 K. In this case,
direct excitation of the core leads to an emissive state that is, on
average, ∼15 meV higher in energy than the emissive state
induced by excitation of the CdS arms. It is important to note
that both states fall well below the band gap energy of the
quantum-conﬁned CdS arms26 and exhibit a spectrum with an
LO phonon sideband of ∼27 meV that is characteristic of
CdSe.3,27 Therefore, radiative recombination of these two
exciton states must involve the CdSe core. The absence of the
LO phonon sideband around 37 meV that is characteristic of
CdS27,28 further strengthens this assertion and may reﬂect the
strongly localized nature of the hole within the CdSe core. We
ﬁnd that when a particle shows this unique modulation of
emission energy, the shift is fully reversible and can be observed
until the nanocrystal photobleaches. As shown in the
schematics of Figure 1b, the results can be rationalized by
693
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of the arms reported an increased average degree of
polarization upon cooling the nanocrystals from room
temperature to cryogenic temperatures.22 The results were
explained by symmetry breaking of the electron wave function
due to asymmetries in the CdS arms. Similar symmetry
breaking may also occur as a result of a potential barrier at one
or multiple arm-core interfaces, which would be expected to
result in a higher degree of polarization for the indirect exciton
compared with the direct exciton. Furthermore, Mauser et al.22
noticed that at room temperature the degree of polarization of
the tetrapods was much lower, in agreement with our ﬁndings
that indicate the absence of the indirect exciton state at room
temperature, as discussed later.
In Figure 3, we further compare the two exciton states by
contrasting their temporal spectral dynamics under arm

Figure 2. Polarization-resolved ﬂuorescence of a single particle
exhibiting dual emission peaks at 4 K. (a) Spectrally resolved
polarization measurements were performed by inserting a Wollaston
prism in the emission path, enabling the simultaneous recording of
single particle emission spectra on two orthogonal polarization
channels. (b,c) For many particles, under arm excitation at 2.76 eV,
the emission spectrum in both polarization channels contains the two
prominent peaks. By comparing the relative intensities of both
polarization channels, it is evident that the two states have diﬀerent
emission polarization properties. The direct exciton state appears
equally bright on both polarization channels, whereas the indirect
exciton is twice as bright in panel c.
Figure 3. Comparison of the temporal dynamics of the direct and
indirect exciton states of a single tetrapod at 4 K under arm excitation
at 2.76 eV. (a) The temporal evolution of the emission spectrum of
this single tetrapod reveals that the direct and indirect exciton states
both exhibit random spectral diﬀusion and blinking but to diﬀerent
extents. The overlaid black and gray circles indicate the center peak
position of the direct and indirect states, respectively, and the color
scale speciﬁes the emission intensity. On a ﬁner energy scale, panel b
shows the diﬀerence in energy between the direct exciton state (Edirect)
and the indirect exciton state (Eindirect) as a function of time. The
energy diﬀerence between the two peaks is not constant and changes
with pronounced blinking events in the nanocrystal. The relative
spectral jumps with respect to the average position (ΔE = E − <E>) of
the two excitons are strongly correlated with each other (inset).

concurrently imaging the single-particle emission spectrum on
orthogonal polarization channels. Figure 2b,c shows a dual peak
emission spectrum arising from a direct and indirect exciton
state in a single tetrapod. The direct exciton is assigned to the
peak that dominates the emission spectrum under core
excitation. In this example, the direct exciton shows equal
emission intensities in both polarization channels, while the
indirect exciton is signiﬁcantly brighter in the bottom channel
(panel c). Clearly, the two exciton states have diﬀerent
emission dipoles for this single tetrapod.
Whereas the single-particle example demonstrates that the
polarization states of the two excitons are diﬀerent, multiple
single particles must be sampled to assess whether the direct
and indirect excitons have diﬀerent degrees of polarization
because the measurement projects a 3D distribution of dipoles
onto a 2D plane.30,31 To probe the diﬀerent degrees of
polarization between the indirect and direct exciton states, we
measured the degree of polarization of 24 nanoparticles under
arm and core excitation (Figure S2 in the Supporting
Information). Our results indicate that the degree of polarization is systematically higher under arm excitation, especially
for the particles that show an apparent spectral shift under the
two illumination conditions. Consequently, when a barrier
prevents complete thermalization of the electron across the
interface, both the emission energy as well as the emission
polarization depend on the excitation energy.
Previous single-particle polarization anisotropy measurements on CdSe/CdS nanoheterostructures under excitation

excitation at 4 K. Panel a shows the dual peak emission
spectrum of a single tetrapod as a function of time. On the basis
of its dominance under core excitation, the higher energy peak
(∼2.045 eV) is attributed to the direct exciton state of the core,
and the lower energy peak (∼2.020 eV) is assigned to the
indirect exciton. As expected for a single particle,32 ﬂuorescence
blinking and spectral diﬀusion can be seen for both emissive
species. To systematically characterize the spectral diﬀusion and
intensity ﬂuctuations, each spectral time slice was ﬁt with a
double Gaussian function that provided center positions and
heights for each emission peak. The center positions of the
resulting ﬁts are overlaid on top of the raw data as black (Edirect)
and gray (Eindirect) circles for the direct and indirect states,
respectively (Figure 3a). Initial inspection of the data reveals
that the spectral jumps are larger for the direct exciton, and the
694

dx.doi.org/10.1021/jz400070g | J. Phys. Chem. Lett. 2013, 4, 691−697

The Journal of Physical Chemistry Letters

Letter

diﬀerence in the peak positions, Edirect − Eindirect (shown in
panel b), reveals that the energetic splitting between the two
states shows ﬂuctuations that appear to be correlated with
blinking events of either of the two states. For both the indirect
and direct excitons, we calculated the deviation of the emission
energy from its average value Et − <E > for each time interval t
of the measurement and plotted these deviations against each
other in the inset of panel b. Clearly, there is a strong linear
correlation between the spectral jumps of the two states. For
this particular tetrapod, the slope of the correlation is close to 2,
which conﬁrms the observation from panel a that the spectral
diﬀusion for the direct exciton is more pronounced. The
distinct spectral diﬀusion behavior further corroborates our
assessment that these two states are fundamentally diﬀerent.
Because spectral diﬀusion in nanocrystals appears to arise from
a ﬂuctuating Stark eﬀect due to photoinduced charges on the
nanocrystal surface,33 a charge should aﬀect both states
simultaneously but to a diﬀerent degree depending on the
localization of the states.
In addition to the spectral dynamics and emission polarization, the ﬂuorescence blinking behavior of the two species
oﬀers a further metric for diﬀerentiation. The emission intensity
of the direct exciton ﬂuctuates much more than that of the
indirect exciton (Figure 3a and Figure S3 of the Supporting
Information). Fluorescence intermittency in semiconductor
nanoparticles is generally thought to arise in part as a
consequence of charging of the nanoparticle, which increases
the nonradiative Auger recombination rate and consequently
reduces emission intensity.34,35 The decreased wave function
overlap that is expected for such an indirect exciton as proposed
in Figure 1 can lead to reduced Auger recombination due to the
Coulombic volume-dependent nature of the process.36 This
reduction in turn can result in the observed lowered
intermittency in the indirect exciton state, by analogy to recent
observations of inhibited blinking in type-II nanocrystals.37
Finally, we investigated the statistics of the energetic splitting
between the two states as a function of temperature, which can
be used to arrive at a model of the energetic band structure
within individual tetrapods. The temperature dependence in
turn provides insight regarding the practical relevance of the
two species. Single tetrapod emission spectra were consecutively measured 40 times with alternating core and arm
excitation. The diﬀerence between the emission peak energies,
ΔE, was recorded for these consecutive measurements, thus
statistically probing the diﬀerence in emission energy between
arm excitation and direct core excitation: ΔE = Ei − Ei+1 =
Earm‑exc − Ecore‑exc, where i indicates the measurement step.
While the change in excitation wavelength can induce a
nonzero value for ΔE, as exempliﬁed in Figure 1, the data are
masked by spontaneous spectral diﬀusion in the nanocrystals,
the random drift of the emission over time.33,38 We therefore
estimate the spontaneous spectral diﬀusion ΔEspon as the
diﬀerence in peak position between two subsequent measurements taken with the same excitation wavelength: ΔEspon = Ei Ei+2. Figure 4 shows the ΔE and ΔEspon distributions at 4 (for a
total of 117 nanoparticles), 50 (93 particles), 100 (28 particles),
and 300 K (55 particles). The ΔEspon distributions are centered
at 0 meV, appear Gaussian, and exhibit remarkably little
temperature dependence from 4 to 100 K. The distribution
shows only a substantial increase in width at 300 K, which may
be due to the longer integration times in the measurement (10
s instead of 5 s) and a factor of 2 higher excitation powers
required at this temperature. We note that the larger width of

Figure 4. Temperature dependence of the excitation-induced spectral
shifts in emission energy. The cartoon at the top illustrates the possible
band oﬀset schemes: type-II (ΔE < 0), quasi-type-II (ΔE ≈ 0) and
type-I (ΔE > 0) band alignment. For each temperature, the
distribution of spectral shifts associated with modulated excitation
(solid histogram) is compared with the distribution of random spectral
jumps (hashed histogram). Up to 100 K, the excitation-induced energy
shifts are clearly diﬀerent from the spontaneous jumps, as is apparent
from the additional broad shoulder around −10 meV. At 300 K, no
statistical diﬀerence is seen between the occurrence of induced and
spontaneous jumps.

the bins at 300 K arises from the signiﬁcant broadening of the
emission spectra, which prevented an analytical ﬁt and reduced
the resolution of determining the emission energy compared
with the lower temperatures. In stark contrast with the
spontaneous spectral diﬀusion, the distributions of induced
spectral jumps, ΔE, for 4, 50, and 100 K are bimodal with one
Gaussian distribution centered at ∼0 meV with a standard
deviation of ∼2 meV, which we attribute to random spectral
diﬀusion, and a second broad Gaussian distribution with a
mean value of −6.1 ± 0.5, −4.4 ± 0.3, −3.6 ± 0.3 meV and a
standard deviation of 9.7 ± 0.4, 9.4 ± 0.3, 7.6 ± 0.3 meV,
respectively, corresponding to the change in emission energy
arising from the switching between excitation energies (See
Figure S4 and Table S1 in the Supporting Information for the
details of the ﬁts, parameter values, and standard errors). The
value of ΔE allows us to assess the band alignment of the
individual particle with a resolution that is limited only by the
random spectral diﬀusion (i.e., the standard deviation of ∼2
meV of the center distribution). However, by decomposing the
histograms into the two distributions (Figure S4 in the
Supporting Information), we are able to estimate the relative
low-temperature populations of heterostructure conﬁgurations
in this sample. Following the above deﬁnition, type-I band
alignment corresponds to ΔE > 0, quasi-type II corresponds to
ΔE = 0, and type II corresponds to ΔE < 0. Thus, in the
tetrapods used in this work, the Gaussian distributions of the
induced spectral shifts (Figure S4 in the Supporting
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precise engineering of the heterostructure interface and the
resulting potential barrier could become an important tool for
controlling the optical properties of heterostructures and
necessitates the development of sophisticated subensemble
spectroscopic techniques such as the excitation modulation
approach demonstrated here.

Information) indicate that band alignments of the single
particles are preferentially type II or quasi-type II with a smaller
minority of type-I heterostructures.16,29
At room temperature, ΔE and ΔEspon are of a similar
magnitude, thus preventing us from unequivocally identifying
the persistence of the splitting between direct and indirect
exciton states up to room temperature. It is possible that these
two states are still present and remain distinct at room
temperature and that they are merely masked by the more
pronounced spontaneous spectral diﬀusion. Alternatively, the
diﬀerent thermal expansion coeﬃcients of CdSe and CdS could
result in reduced strain at higher temperatures, thereby
lowering the interfacial barrier,39 or the increased temperature
may provide enough thermal energy to overcome any existing
interfacial barrier, thus enabling complete thermalization. Yet
another possibility is that the temperature dependence of the
band gaps of the two materials leads to predominant alignment
of conduction bands at room temperature, as opposed to at 4
K, which would prevent us from identifying the presence of the
two states via luminescence spectroscopy.
At 4 K we were able to ﬁnd numerous particles showing
emission from both indirect and direct exciton states in the
form of double spectral peaks, but their occurrence decreased
drastically with increased temperatures (>50 K). Surprisingly,
the two diﬀerent thermalized exciton states as identiﬁed under
alternation of the excitation energy persist in the nanocrystal up
to at least 100 K, but the dual exciton emission under arm
excitation is almost entirely absent at 50 K.
To investigate possible eﬀects of the surrounding dielectric
environment as well as the morphology of the nanocrystals and
gain better insight into the origin of the direct and indirect
exciton states, we repeated the same experiments at 4 K for
tetrapods dispersed in an inert polymer matrix (Zeonex 340R)
and for CdSe/CdS nanorods with ∼4 nm size cores and ∼60
nm long arms deposited directly on a quartz microscope slide.
The matrix environment did not result in any statistical
diﬀerence in ΔE values with respect to tetrapods placed directly
the quartz surface. Second, the distribution of ΔE for the
nanorods (see Figures S5 and S6 in the Supporting
Information) was slightly diﬀerent but in qualitative agreement
with that of the tetrapods, whereas the relative number of
particles with dual-emission peaks was found to be slightly
higher at 40%. These results suggest that the observed
phenomena in this experiment are inherent to the CdSe/CdS
heterostructures and are not unique to the tetrapod geometry
or the immediate dielectric environment.
In conclusion, we have found that a potential barrier at the
interface of CdSe/CdS nanocrystal heterostructures leads to
two distinct emissive species, a direct exciton and an indirect
exciton, which yield excitation-dependent emission energy and
polarization on the single-particle level. The observed emission
from both states demonstrates how intraparticle energetic
disorder can contribute to spectral broadening in the ensemble.
The eﬀects of such a potential barrier at the interface may have
important implications for the performance of heterostructures
in devices, particularly in light-harvesting scenarios. Complete
charge separation in the heterostructure can be inhibited if
charge thermalization to the lowest excited state is suppressed,
which could potentially reduce the eﬃciency of nanocrystalbased light-harvesting devices. Although in our experiment the
two states were only identiﬁable up to 100 K, for diﬀerent
heterostructure geometries and compositions, similar interfacial
states may persist up to room temperature.17 Nevertheless,
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