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The Role of Particle Morphology in
Interfacial Energy Transfer in CdSe/CdS
Heterostructure Nanocrystals

Nicholas J. Borys,> Manfred ]. Walter,® Jing Huang,? Dmitri V. Talapin,®* John M. Lupton**

Nanoscale semiconductor heterostructures such as tetrapods can be used to mimic light-harvesting
processes. We used single-particle light-harvesting action spectroscopy to probe the impact of
particle morphology on energy transfer and carrier relaxation across a heterojunction. The generic
form of an action spectrum [in our experiments, photoluminescence excitation (PLE) under
absorption in CdS and emission from CdSe in nanocrystal tetrapods, rods, and spheres] was controlled
by the physical shape and resulting morphological variation in the quantum confinement parameters
of the nanoparticle. A correlation between single-particle PLE and physical shape as determined

by scanning electron microscopy was demonstrated. Such an analysis links local structural
non-uniformities such as CdS bulbs forming around the CdSe core in CdSe/CdS nanorods to a
lower probability of manifesting excitation energy—dependent emission spectra, which in turn is
probably related to band alignment and electron delocalization at the heterojunction interface.

dvances in the synthesis of semiconductor
Ananoparticles have enabled exquisite con-

trol over composition and shape, yielding
spherical, linear (/, 2), and branched structures
such as tetrapods (3—35). Although many semi-
conductor nanoparticles originally consisted of
only one material, further opportunities for tai-
loring electronic functionalities are anticipated
from nanoscale semiconductor heterostructures
combining two or more materials (5). Indeed, a
host of applications has emerged from precise
control over nanostructure functionality, ranging
from photovoltaics (2, 6) to commercial light-
emitting devices. A microscopic understanding of
the migration of excitation energy in heterojunc-
tions and the resulting interfacial charge transfer
(7) is particularly important in developing photo-
catalytic compounds to split water (8) or reduce
CO, (9). Due to only a slight mismatch in the
lattice constants of the two materials, yet well-
contrasted band gaps, the CdSe/CdS heterostruc-
ture has evolved as one of the workhorses for
relating nanoparticle synthesis and shape to spec-
troscopic properties. Here we describe an optical
classification of the quantum confinement in
complex CdSe/CdS core/shell nanostructures by
means of single-particle light-harvesting action
spectroscopy, a versatile noncontact tool to measure
electron transport or energy transfer on mesoscopic
length scales (/0). For a variety of nanostructure
shapes, we probed the photoluminescence exci-
tation (PLE) of the absorbing CdS through emis-
sion from the lower-gap CdSe. We identified two
distinct categories of action spectra, characteristic
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of the physical shape and quantum confinement
parameters of the semiconductor heterostruc-
tures, and showed how the energetic landscape
can inhibit complete electron transfer across
the CdSe/CdS interface. This single-particle clas-
sification highlights the sensitivity of ensemble
performance, such as in light-harvesting, to mor-
phological characteristics that affect the intrinsic
nature of the interfaces, thereby suggesting routes
to future synthetic optimization.

Large optical absorption cross sections, en-
hanced stability, high quantum yields, and size-
tunable electronic structure make semiconductor
nanocrystals particularly interesting for light-
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harvesting and energy conversion applications
(2, 6). Nevertheless, there is still no clear con-
sensus on the microscopic nature of interfacial
energy levels and the process of carrier migra-
tion from one semiconductor to another. Very
similar CdSe/CdS nanostructures can exhibit
properties of either a type I heterostructure, in
which both electron and positively charged hole
are confined to one material, or a type II hetero-
structure, in which electron and hole separate
between the materials (//—74). Naturally, such
a distinction is crucial to choosing the correct ma-
terial for a particular application: Light emis-
sion requires type I junctions, whereas charge
separation in photovoltaics requires type II (13).
Such knowledge of the interface is crucial for
designing nanoparticle superstructures, such as
inorganic dendrimers with a treelike branched
architecture, with superior light-harvesting prop-
erties. A first step to such a structure is the hetero-
Jjunction tetrapod (3).

Semiconductor nanoparticles are well suited
to microscopic optical studies, which have re-
vealed a surprising diversity in electronic proper-
ties between particles that are typically masked in
ensemble-level measurements (/5). Htoon et al.,
for example, uncovered both discrete excitonic
states and a quasi-continuum in the core of
spherical CdSe particles capped with a ZnS shell
(16). We probed energetic relaxation in individ-
ual CdSe/CdS nanoheterostructures of different
shapes after optical excitation of the higher-gap
CdS. This approach, leveraging single-particle
PLE over a wide spectral range, illuminates the
nature of both the high-gap material absorption
and the subsequent intraparticle relaxation pro-

Fig. 1. Light-harvesting
action spectroscopy at 4 K
of two single semiconductor
tetrapods consisting of a low-
gap CdSe core and high-gap
CdS arms. The nanoparticles
are excited primarily above
the CdS absorption edge, and
emission is detected from the
CdSe core. A sketch of the
assumed electron and hole
probability density distribu-
tion within the electronic
band structure is shown in
the inset in the middle. (A)
For the first particle, the on-
set of absorption from the
quantum-confined CdS exci-
ton gives rise to a distinct
peak that is then followed
by absorption into a continu-
um of states at higher en-
ergy (red, scan downward in
energy; blue, scan upward).

A
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-

Emission Intensity (arb. units)

——

(B) For the second particle,
the peak associated with the
CdS exciton is not present,
and the spectrum is marked

2.6 2.8
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3.0

by a continuum of states after the onset of CdS absorption (the black lines are a guide to the eye).
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cess, which are both ultimately crucial in design-
ing light-harvesting applications (6). In contrast,
most single-quantum-structure PLE spectroscopy
(16—18) to date has been carried out over relatively
narrow spectral ranges to probe distinct excitonic
features, or else has analyzed excitation enhance-
ment by metal nanoparticles at discrete wave-
lengths (19).

We focused our attention on CdSe/CdS tetra-
pods, which are inorganic light-harvesting com-
plexes with very large absorption cross sections,
which make them easily visible in single-particle
measurements. A schematic of a CdSe/CdS tetra-
pod nanoparticle and a suggestive band diagram
(20) are shown in the inset of Fig. 1. The struc-
tures consist of a CdSe core approximately 4 nm
in diameter, which is surrounded by an antenna-
like CdS shell. The shell has four arms that are
20 nm in length and 6 nm in diameter. We purified
the tetrapod solution to an ensemble composi-
tion of at least 90% tetrapods, which appeared to
be geometrically uniform in transmission elec-
tron microscopy (TEM) (5, 21). Previous com-
parisons of theory and experiment have indicated
that, on average, the CdSe/CdS interface should
form a quasi-type II heterostructure, with an
excited electron delocalizing over the CdSe and
CdS conduction bands and the associated hole
localizing on the lower-gap CdSe core (/4).
Initial studies on the tetrapods have suggested a
similar electronic structure (20), although the
energy offsets are such that a range of interfacial
localization phenomena is conceivable (13): It
is not straightforward to extrapolate band di-
agrams derived from bulk material parameters
to solution-grown nanostructures. For these het-
erostructures, at energies above the CdS funda-
mental absorption edge, the CdS extinction
dwarfs that of the CdSe, thus resulting in an
absorption spectrum dominated by the CdS. The
electronic structure, on the other hand, yields a
luminescence spectrum arising from recombi-
nation in CdSe (3, 27). The similarity of the en-
semble nanoparticle PLE and absorption spectra
indicates that this light-harvesting process is
highly efficient (5). We expect the prominent on-
set of the PLE to correspond with the quantum-
confined exciton of the CdS, followed by the
typical continuum of higher energy states.

Such behavior was indeed observed in single-
particle light-harvesting action at 4 K in Fig. 1A.
We recorded the CdSe emission intensity while
sweeping the laser excitation both down and up
in energy (22). The particle exhibited a clear peak
in the CdS absorption that can be attributed to the
quantum-confined excitonic transition (23, 24).
We refer to PLE spectra with such behavior as
class A. A second single tetrapod showed strik-
ingly different behavior depicted in Fig. 1B,
revealing particle-to-particle variations that are
masked in ensemble measurements. In this case,
there is no clear peak after the CdS absorption
onset. We term these PLE spectra class B. Both
classes were repeatedly observed in spatial
proximity during the same excitation scan.

Although the tetrapods perform the desired
light-harvesting function, they do not offer the
best system in which to search for structural ori-

gins of the distinct PLE classification. We there-
fore used two further model systems to study
the influence of particle form on PLE: nanorods,
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Fig. 2. Classification of single-particle light-harvesting action spectra for tetrapod, rod, and near-
spherical nanoheterostructures. A total of 150, 150, and 75 raw spectra for tetrapods, rods, and spheres,
respectively, are sorted into two groups. All curves are normalized to the CdS absorption onset intensity
but are otherwise not manipulated. (A and B) 75 class A and 75 class B single-particle PLE spectra from
tetrapod structures. (C and D) 75 class A and 75 class B single-particle PLE spectra from rod structures. (E
and F) The near-sperical structures show only class B single-particle PLE spectra. Inset in (B) to (F) are
representative TEM images of the tetrapods, rods, and spheres. Although the tetrapods appear uniform,
the rod ensemble manifests two morphologies: one with a uniform diameter and the other with a
pronounced bulb feature. The near-sperical structures are non-uniform in their deviations from isotropy.

e
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Fig. 3. Correlated SEM and PLE spectra of 12 single CdSe/CdS nanorods. (A) Six class A PLE spectra
normalized to the CdS onset and plotted together with their corresponding SEM images, representative of
rods with a uniform diameter (cartoon at bottom). (B) The SEM images of six rods that exhibit a class B PLE
spectrum indicate that the spectral shape is attributable to rods that have a pronounced bulb feature and
non-uniform diameter as sketched schematically in the cartoon. All correlated image-PLE pairs were chosen
solely on the basis of the quality of the PLE spectrum, without any knowledge of the corresponding SEM
image.
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which mimic one arm and the core of the tetra-
pod; and nanospheres with a thick CdS shell.
All structures had a similar CdSe core that was
4 nm in diameter. Figure 2 shows single-particle
spectra of 150 tetrapod, 150 rod, and 75 near-
spherical nanoheterostructures, normalized to the
CdS absorption onset. Representative TEM im-
ages for each nanostructure are shown in the
lower insets. The rods consist of a CdS arm 60 nm
in length and approximately 6 nm in diameter
surrounding the CdSe core. TEM indicated that
the sample contained two general shapes of rods:
rods that have a constant diameter over their
length and those that have a bulb feature sur-
rounding the CdSe core, resulting in a non-
uniform rod diameter (17, 27). Finally, the CdS
shell for the near-spherical structures was a 4-nm-
thick layer surrounding the CdSe core. TEM of
these particles revealed that the thick CdS shell
results in a non-uniform distribution of particles
with anisotropic deviations from a perfect sphere.
For the tetrapods and rods, each single-particle
PLE spectrum can generally be categorized as
class A (Fig. 2, A and C, respectively) or class B
(Fig. 2, B and D, respectively). In contrast, we
observed exclusively class B spectra for the near-
spherical structures (Fig. 2F). We conclude that
the origin of the different classes is not found in
the combination of constituent materials but is
related to the shape of the nanocrystal, which de-

Fig. 4. Single-particle emission
spectra as a function of excitation
energy for three individual class A
tetrapods, revealing the possible
band alignment schemes. (Col-
umn A) The emission spectrum
shifts to higher energies as the
excitation energy is raised. Two-
dimensional plots of emission as a
function of excitation are shown for
the laser sweep downward (Row i)
and upward (Row ii) in energy. The
main emission peak energy, ex-
tracted by fitting two Gaussians to
the emission spectrum, is overlaid
as white circles. (Row iii) The peak
position as a function of excitation
energy shows a steplike shift of
~10 meV close to the absorption

termines the symmetry of the confinement poten-
tial. Other approaches to representing the raw
data, along with quantitative thresholds for differ-
entiating between the two classes, are discussed
in figs. S3 and S4 (22).

Through its relation to the quantum confine-
ment effect, physical shape plays a crucial role in
the optical and electronic properties of semi-
conductor nanocrystals (13, 23, 25). For the rods,
where quantum confinement in the CdS is in-
fluenced mostly by diameter (26), the bulb struc-
tures consist of a range of diameters that will
smear out the excitonic transition and will likely
lead to particles with a class B spectrum. The
same effect of shape variations in the direction of
radial quantum confinement could also give rise
to exclusively class B spectra in the near-spherical
particles. In addition, quantum confinement in
absorption in these particles may be weaker as
the larger particle diameters approach the Bohr
exciton radius in CdS, thus reducing the visibility
of excitonic transitions.

To verify the role that shape plays in the PLE
spectrum of a single nanocrystal, we correlated
PLE measurements with scanning electron mi-
croscopy (SEM) of single rods. The correlation
process is discussed in the text accompanying
figs. S6 and S7. Figure 3 shows 12 PLE spectra
and the SEM images of the corresponding
nanorods. The pairs were selected solely on the
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basis of the quality of the PLE spectrum over up
and down sweeps without any knowledge of the
corresponding image. Figure 3A shows six class
A PLE spectra normalized and plotted together;
Fig. 3B shows six class B spectra. Inset in the
plot are the corresponding SEM images. A clear
trend that confirms the shape hypothesis is ob-
servable: All of the rods in Fig. 3A exhibit a class
A PLE spectrum, and five out of six have a uni-
form diameter over the length of the rod. On the
other hand, in Fig. 3B, all of the rods exhibit a
class B PLE spectrum and have a pronounced
bulb feature as anticipated (see the text accom-
panying fig. S7 for a discussion of the geometric
thresholds invoked). These observations are
consistent with single-particle PL (fig. S8), which
demonstrates that rods with a class A PLE
spectrum have higher-energy residual CdS emis-
sion due to their smaller diameters (stronger quan-
tum confinement) than rods with a class B PLE
spectrum. The basic statistical analysis presented
in table S1 indicates that the probability of the
results in Fig. 3 occurring by chance is 0.3%.
The similarity in PLE and emission spectra
of rods, spheres, and tetrapods suggests that
excessive CdS growth around the core could be
responsible for the formation of two distinct spec-
troscopic classes of tetrapods. In addition, varia-
tions in effective arm diameter within a single
tetrapod (20) or, quite generally, variations in

Column C

11 moy

2.07

11 moy

onset of CdS at 2.6 eV. (Row iv)
This situation can be rationalized
in terms of a type | band align-
ment, where a barrier to thermal-
ization of the electron from the CdS
to the CdSe exists. Below 2.6 eV,
direct excitation of the CdSe core
occurs, whereas emission at higher
excitation energies results from an
interfacial exciton. (Column B) No
spectral shift is seen with excitation
energy, suggesting a quasi—type Il

VB

band alignment. By analogy to column A, it is conceivable that a barrier to
electron transfer between CdS and CdSe also exists due to, for example, lattice
strain. (Column C) The type Il band alignment is characterized by a shift of
emission to lower energies as the excitation energy is raised from absorption in

2.4 2.6
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the CdSe core to the CdS shell. A barrier to electron transfer from CdSe to CdS
must exist to prevent the core electron from transferring to the shell under
excitation of the core. The black lines in the peak position plots are smoothed
averages that serve as a guide for the eye.
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intraparticle CdS-CdSe coupling strength that
disrupt the particle symmetry, could lead to a loss
of excitonic structure in PLE. We therefore pro-
pose that the single-particle PLE can serve as a
predictor of particle morphology and indeed pro-
vides insight into the tetrapod shape, which is
hard to obtain by other means.

Bulblike particle morphologies probably have
featureless PLE spectra because the CdS shell is
not defined by one fixed diameter, and therefore a
range of excitonic transition energies exists. This
morphological disorder within a single particle
also appears to affect band alignment within the
heterojunction, as revealed by spectrally resolving
tetrapod emission as a function of excitation ener-
gy for 50 single tetrapods. Of these tetrapods,
26% [13 tetrapods (fig. S9)] showed a surprising
dependence of the tetrapod emission energy on
the excitation energy. Three such cases are de-
tailed in Fig. 4.

The particle in column A of Fig. 4 exhibits a
shift in emission to higher energy as the excita-
tion energy is raised, although the shape of the
emission spectrum remains characterized by the
CdSe electronic transition and its phonon side-
band. It is important to consider both sweep di-
rections of the exciting laser because nanocrystals
exhibit random spectral diffusion (27); the spec-
tral changes are reversible upon downward (row
i) and upward (row ii) sweeps. Row iii of column
A plots the PL peak energy, which shows a dis-
tinct jump at an excitation energy of 2.6 eV. The
position of the spectral jump corresponds to the
onset of CdS absorption at 4 K and indicates a
transition from direct excitation of the CdSe
core to excitation of the CdS arm and sub-
sequent relaxation to the CdSe. In contrast, the
particle in column B exhibits emission indepen-
dent of excitation. This case would be expected
for a semiconductor heterostructure in which the
high-energy electron-hole pair formed in the
wide-gap semiconductor (CdS) relaxes down to
the narrower-gap CdSe. Finally, in column C, the
emission energy decreases with increasing ex-
citation energy. As in column A, a change in the
emission peak is observed around excitation at
2.6¢V.

To rationalize these observations, we consider
the subtleties of conduction and valence band
offsets between CdSe and CdS in row iv of Fig.
4. Studies of CdSe/CdS nanoparticles at the en-
semble level have suggested that the CdSe val-
ence band is consistently higher in energy than
that of the CdS, although the conduction band
alignment of the two materials is sensitive to
nanoparticle geometry and may result in a type I,
type I, or quasi—type Il electronic structure (see
sketches in Fig. 4 for definition) (//—/3). Such
band offsets will affect the emission spectrum if a
barrier in the conduction band inhibits electron
transfer between CdS and CdSe, which is con-
ceivable given the interfacial strain due to the
lattice mismatch of the two materials (28). We
propose that the tetrapods in columns A and C of
Fig. 4 are characterized by conduction band

offsets AE, so that at least two distinct exciton
states exist: CdSe core excitons and CdSe/CdS
interfacial excitons. Because both states are
emissive and hence stable, an interfacial barrier
must be present, which prevents complete elec-
tron transfer to the lowest state in the conduction
band, thereby impeding thermalization of the
emissive exciton. A barrier to electron transfer
must also exist in the situation in column C, be-
cause the excited electron does not thermalize to
the lower-level CdS conduction band under di-
rect excitation of the core. By analogy, the barrier
to electron delocalization could also be present
for tetrapods in which the absence of a shift in
emission energy indicates conduction band align-
ment. The barrier can only exist for one of the
carriers, because complete blocking at the inter-
face would result in recombination in the CdS
arm, which is spectrally distinct (fig. S8). Noting
that our spectroscopy cannot distinguish between
conduction and valence band blocking, we fol-
low the earlier assignment of effective hole local-
ization in the core of CdSe/CdS nanoparticles
because of a larger offset in the valence band
than in the conduction band (29). We speculate
that the greater effectiveness of hole transfer
across the interface as compared to electron trans-
fer could arise from the difference in wave function
symmetry of the carrier species, or result from the
much larger energy-level offset.

The observation that excitation energies well
above the band gap of both CdSe and CdS (that
is, at 3.1 eV) do not result in complete thermal-
ization and thus emission at the lowest energy of
the system (Fig. 4, column A), which is only ob-
served under direct core excitation, indicates that
additional excitation energy does not play a role
in electron transfer to the core. The CdS electron
therefore cools before the CdSe/CdS interfacial
exciton is formed. Our preliminary statistics on
the PLE spectra (fig. S9) indicate that excitation
energy—dependent emission is much more prom-
inent in class A tetrapods. This observation is
again consistent with the implied morphological
disorder of the single class B tetrapod structures,
because more narrowly defined (class A) energy
levels should be more susceptible to band mis-
alignment at the heterojunction.

Single-particle light-harvesting action thus
reveals distinct spectroscopic behavior that is
masked in the ensemble, providing insight into
the uniformity of the quantum confinement and
the degree of electronic delocalization across a
heterojunction. Morphologies in which the
quantum confinement varies within the parti-
cle (due to the formation of a CdS bulb around
the CdSe core, as observed in nanorods) give
rise to a lifting of the spectral signature of well-
defined quantum confinement by smearing out
excitonic transitions. As shown in the single-
paricle spectrally resolved PLE measurements,
band misalignment that is more prevalent in
morphologically uniform particles (class A) re-
veals nonthermalized interfacial excitons, which
suggest the presence of an intrinsic barrier to

electron transfer between CdS and CdSe. Con-
sequently, whereas particle uniformity and the
resulting confinement may be desirable in, for
example, light-emitting devices, nanoparticles
with low symmetry of the confinement poten-
tial (that is, with structural variations: class B)
are more suited for light-harvesting applica-
tions because of a reduced influence of interfa-
cial barriers. The challenge posed to nanoparticle
synthesis is to extend shape engineering to
morphology control, so as to create samples in
which, for example, all particles exhibit class B
morphologies.
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