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’ INTRODUCTION

Colloidal semiconductor nanocrystals have recently emerged as
potential candidates for a wide range of applications, including light-
emitting diodes (LEDs),1,2 lasers,3�5 solar cells,6,7 and multiplexing
analysis in biology.8,9 Remarkable advances in synthetic approaches
have enabled the fabricationofnanocrystalswithboth controlled shape
and chemical composition. Semiconductor nanocrystals with rod
shapes, for example, exhibit optical properties that are markedly dif-
ferent from those of spheres10�12 and that arise from the different type
of quantum confinement occurring in rods as compared to spherical
nanocrystals.10 Among the peculiar properties of nanorods, we men-
tion one-dimensional exciton dynamics, high photoluminescence
quantum yield (PLQY) at room temperature, linearly polarized
emission, and large Stokes shift.11,13,64 Recently, the possibility to
accomplishwave function engineering and exciton storage innanorods
was demonstrated,14,15 and new methods have been developed to as-
semble semiconductor nanorods with narrow distributions of lengths
and diameters over large areas (up to several squaremillimeters).16�18

In contrast, tetrapod-shaped semiconductor nanocrystals
are nanostructures in which four rod-shaped arms branch out
from a central region according to a tetrahedral geometry. Their
optical properties are similar to those of nanorods, except for the
absence of polarization anisotropy in emission and absorption,

because of their tetrahedral symmetry. They too have attracted
considerable interest in the past few years, because of their
optical,55 electronic,19�25 and mechanical properties,26 as well
as chemical reactivity.27,28 Also, they have been proposed for
applications in different classes of devices, such as photovoltaic
cells,6,29,30 single-nanoparticle transistors,31 electromechanical
devices,26 and recently also scanning probe microscopes.32

In addition to shape control, it is now possible to synthesize,
by colloidal approaches, nanoheterostructures consisting of
sections of two different semiconductors, so that the relative
band alignment at the interface between the two semiconductor
regions can be of either type-I or type-II. The type-II hetero-
structure is particularly interesting,33�38,57,58,75 as electrons are
localized in one semiconductor region and holes in another
region, with the localization occurring at a short time after
their generation (on the order of 500 fs).36 From these regions,
carriers can recombine by emitting photons at energies
lower than the respective energy gaps of the two semiconductor
parts. Type-II materials are indeed ideal for photocatalytic
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ABSTRACT: We have investigated the optical properties of
colloidal seed-grownCdSe (seed)/CdTe (arms) nanotetrapods
both experimentally and computationally. The tetrapods exhibit
a type-II transition arising from electrons localized in the CdSe
seed region and holes delocalized in the CdTe arms, along with
a residual type-I recombination in long-arm tetrapods. Experi-
ments and theory helped to identify the origin of both types of
transitions and their size dependence. In particular, time-
resolved experiments performed at 10 K evidenced a size-
dependent, long living type-II radiative emission arising from
the peculiar electron�hole wave function localization. Tem-
perature-dependent photoluminescence (PL) studies indicate that, at high temperature (>150 K), the main process limiting the PL
quantum efficiency of the type-I PL is thermal escape of the charge carriers through efficient exciton-optical phonon coupling. The
type-II PL instead is limited both by thermal escape and by the promotion of electrons from the conduction band of the seed region
to that of the arms, occurring at T > 200 K.
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reactions39,40 and for photovoltaics,10,41�43,74 in which both
rapid charge separation and low radiative recombination effi-
ciency are required. Recent developments in the synthesis of
anisotropic heterostructures have involved rod-shaped nanopar-
ticles consisting of a spherical semiconductor domain buried in a
rod-shaped shell of a second semiconductor material13,44�46 and
tetrapods in which either the central core region is made of a
semiconductor material different from that of the arms45,47�49 or
epitaxial growthof a second semiconductormaterial occurs selectively
at the tips of the starting tetrapods.50,51 Our group recently synthe-
sized tetrapod-shaped type-II nanocrystals of various combinations of
II�VI semiconductors45 and exploited CdSe (core)/CdTe (arms)
tetrapods in hybrid organic�nanocrystal solar cells.52,53,73

This report provides a study of the optical properties of CdSe
(core)/CdTe (arms) tetrapods of various sizes, with the aim of
determining the nature of the observed optical transitions and
the main nonradiative recombination processes. Moreover, we
evaluated the actual barrier height for electrons by taking into

account quantum confinement effects. The knowledge of the actual
barrier allowed us to analyze with higher accuracy the temperature
dependence of the PL intensity, by which we could identify the
thermally induced processes that reduce the emission efficiency at
high temperature. The experimental results were rationalized by
means of theoretical calculations, based on the envelope-function
approximation (EFA),67 bywhichwe determined the electron�hole
wave function localization in the lowest confined states of the
tetrapods, the relative energy separations, and the oscillator strength
of both type-I and type-II optical transitions. We corroborated these
results by time-resolved measurements carried out at 10 K (to avoid
undesired thermal effects) and found evidence of the different
degrees of electron�hole wave function localization.

’MATERIALS AND METHODS

The CdSe (core)/CdTe (arms) tetrapods studied here
were synthesized by a seeded-growth technique, using roughly

Table 1. List of the Main Parameters of All the Samples of Tetrapods Studied: Nominal Diameter of Starting Seeds and Length of
the Arms, Corresponding to theMaximumValue Extracted fromTEMObservations; Energies of the Type-I (EI) and Type-II (EII)
Transitions and Relative Difference (ΔEI�II), Corresponding to the Actual Conduction Band Offset; Activation Energy of the
Process Activated at Lower Temperature (Ea); Energy Spacing of the Two Lowest Absorption Peaks of the Ultimate Tetrapods
(ΔE1,2); Best-Fit Parameters (Eesc and Eb) Obtained from the PL Intensity Analysis, Representing the Escape Energy and the
Energy of the Conduction Band Barrier, Respectively

sample

CdSe seed

diameter (nm)

CdTe arm

length (nm) EI (eV) EII (eV) ΔEI�II (meV) Ea (meV) ΔE1,2 (meV) Eesc (meV) Eb (meV)

A1 3.7 6 ( 1 n/a 1.223 ( 0.001 n/a n/a ∼48 59 ( 1 418 ( 15

A2 3.7 9 ( 1 1.690 ( 0.001 1.272 ( 0.001 418 ( 2 n/a 51 ( 2 n/a 390 ( 5

A3 3.7 14 ( 1 1.721 ( 0.001 1.272 ( 0.002 449 ( 3 9.7 ( 1 55 ( 2 58 ( 1 449 ( 6

A4 3.7 25 ( 1 1.785 ( 0.001 1.317 ( 0.001 468 ( 2 13.9 ( 2 74 ( 2 70 ( 1 460 ( 10

Figure 1. Low-magnification TEM images of the four samples of CdSe (core)/CdTe (arms) tetrapods, prepared starting from the sameCdSe seeds and
differing from each other in average arm length and diameter.



18096 dx.doi.org/10.1021/jp2048162 |J. Phys. Chem. C 2011, 115, 18094–18104

The Journal of Physical Chemistry C ARTICLE

spherical CdSe seeds on which CdTe was subsequently grown, as
described in a previous work by our group.45 Four tetrapod
samples, with different core sizes and arm lengths, were synthe-
sized and studied. The features of the various samples (core and
arm dimensions, as well as the main physical quantities extracted
from the analysis) are listed in Table 1. For the morphological
analysis, low-magnification transmission electron microscopy
(TEM) images were recorded on a JEOL JEM 1011 microscope
operating at 100 kV. A detailed structural characterization
[through spherical-aberration-corrected high-resolution trans-
mission electron microscopy (HRTEM)] analysis was carried
out on a JEOL 2200 FS instrument, equipped with a field-
emission electron source and operating at 200 kV. The absorp-
tion spectra of solutions containing the starting CdSe seeds and
the CdSe/CdTe tetrapods were recorded with a Cary 5 Varian

UV�vis�NIR spectrophotometer. To perform PL measure-
ments at different temperatures in the range of 10�300 K and
at different excitation powers (from 25 μW to 34 mW), a few
drops of toluene solutions containing tetrapods (in the micro-
molar concentration range) were deposited onto a SiO2 sub-
strate. The solvent was allowed to evaporate, and the substrate
was placed in a closed-cycle He cryostat under vacuum condi-
tions. An argon laser (λ = 514 nm) was used to excite both
the CdSe core region and the CdTe arms of the tetrapods,
whereas a He�Ne laser (λ = 633 nm) was used to excite
exclusively the CdTe arms. The time-correlated single-photon-
counting (TCSPC) technique was used to record time-resolved
PL in the spectral range of 0.95�1.30 eV using a cooled NIR
photomultiplier tube. The samples were excited by the 1.94 eV
(639 nm) line delivered by a solid-state pulsed laser, having
a pulse duration of 100 ps and a variable repetition rate in the
range from 1MHz to 100 kHz. Time-resolved PL measurements
on the type-I emission were performed at 10 K by exciting the
tetrapods with the second harmonic (405 nm) of a Ti:sapphire
laser having 80-fs pulses at an 80-MHz repetition rate. The signal
was detected with a streak camera with temporal resolution of
about 12 ps.

’MORPHOLOGICAL CHARACTERIZATION

Transmission electron microscopy (TEM) images of the four
samples are displayed in Figure 1. At first glance, the most
apparent difference consists of the slimming of the arms with
increasing length. Sample A1, for instance (Figure 1a), had the
shortest arms (6 nm), and the shape of each arm resembled a
pyramid rather than a prism, such that the overall shape of the
nanocrystals was more like a “stretched” tetrahedron than a
tetrapod. Samples A2�A4, on the other hand, had progressively
longer arms, with constant diameters along the arms (Figure 1b�d)
and presented overall a more uniform tetrapod shape.

As a general trend, tetrapod samples with longer arms were
characterized by smaller arm diameters (average diameters, for
example, were 6�7 nm for sample A3 and 5�6 nm for sample
A4), as also confirmed by HRTEM (see Figure 2).

Because the diameter is the main dimensional parameter
influencing the energy gap of the tetrapods, tetrapod samples
with shorter arms (hence, larger arm diameters) were actually
characterized by smaller band gaps (see Figure 6c, below). The
tetrapod arms were formed by hexagonal CdTe grown along its
Æ002æ crystalline direction on top of the CdSe seeds, as shown by
HRTEM (Figure 2a�c). In some favorable cases, it was possible
to observe the normal projection ([001] zone axis) of the CdTe
arms grown along the Æ002æ direction, as shown in Figure 2b. The
arm structure in the samples was regular, and no stacking faults
were observed. Even though the diameter of the CdSe seeds used
in the synthesis of these samples was 3.7 nm, the actual diameter
of the central region of the tetrapods was comparable to that of
the arms (5�7 nm). This implies either that a uniform, spherical
CdTe shell was grown on top of the CdSe seed, after which four
CdTe branched evolved or, more likely, that CdTe arms were
first formed directly on top of the CdSe seed, and their
subsequent increase in diameter buried the seed. It is difficult
to identify which of the two mechanisms was operative, because
we were not able to fully discern the core region from the arms
by HRTEM.

Figure 2. HRTEM images of samples (a) A2, (b) A3, and (c) A4, tilted
such that all four wurtzite CdTe arms are visible. The arms grew along
the Æ002æ direction in all three cases. The (101) and (100) planes can
also be identified in image b, where the direction of the arm in the
bottom part of the tetrapod is normal to the image plane (the arm is
observed along the [001] zone axis). The images evidence the tendency
for decreasing arm diameter with increasing arm length.
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’THEORETICAL RESULTS

Theoretical calculations based on the envelope-function ap-
proximation were performed using the in-house developed
DAVMASS program13,58,68�71 to determine the electronic struc-
ture of the CdSe/CdTe tetrapods. By using in part the informa-
tion derived from HRTEM measurements, we modeled the
tetrapod shape by considering a CdSe sphere (of radius Rc) as

the core inside a CdTe truncated octahedron (of dimension Ra)
from which four wurtzite (WZ) hexagonal CdTe prisms pro-
truded as arms (of diameter Ra and length La) (see Figure 3a).
When considering the bulk band gap of the two different
compounds at room temperature [1.695 eV for zincblende
(ZB) CdSe and 1.487 eV for WZ CdTe54], the band-edge profile
along one arm direction results in a type-II system (see Figure 3b).

Figure 3. (a) Sketch of the tetrapod model used for the calculations. The geometrical parameters used for the calculations were derived from the
HRTEM analysis and are reported here: for sample A2,Rc = 1.8 nm,Ra = 3 nm, and La = 9 nm; for sample A3,Rc = 1.8 nm,Ra = 3 nm, and La = 14 nm; and
for sample A4, Rc = 1.8 nm, Ra = 2.6 nm, and La = 23 nm. (b) Band-edge profile along one arm direction (dashed line) and optical transitions involving
the first three electron and hole confined states.

Figure 4. Three-dimensional view of the isosurfaces ofψ2 of the first three (a�c) electron and (d�f) hole quantum states calculated for a CdSe (core)/
CdTe (arms) tetrapod with geometrical parameters equal to those of sample A3.
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In the calculation, we assumed that the electrons are confined by
a potential barrier whose height is equal to the electron affinity of
CdTe13 whereas the holes are confined by a potential barrier of
4 eV. The variable-effective-mass Hamiltonian72 was solved on a
three-dimensional cartesian grid. The employed effective masses
were me = 0.13 and mh = 0.45 for CdSe and me = 0.11 and mh =
0.72 for CdTe, where subscripts e and h denote electrons and
holes, respectively.

The first three confined states in the conduction and valence
bands for sample A3 are shown in Figure 4. As in the case of all-
CdTe tetrapods,23 we found that, in the ground-state (GS)
exciton, the electron density (Figure 4a) is mostly localized in
the CdSe core region of the tetrapods, whereas the electron wave
function spreads into the arms for the first excited state (1ES,
Figure 4b), until it becomes completely delocalized into the arms
for the second excited state (2ES, Figure 4c). On the other hand,
the holes of the first three confined states are completely
delocalized in the CdTe arms (Figure 4d�f).

Moreover, we found that the electron and hole wave functions
of the ground and second excited state have A1 symmetry
(Figure 4a,c,d,f), whereas the electron and hole wave functions
of the first excited state have T2 symmetry (Figure 4b,e).

We calculated the oscillator strengths (OSs) between the first
three confined states (Figure 5a). Clearly, for transitions between
states of different symmetry (such as Eh1ES

Tf EeGS
A or EhGS

Af
Ee1ES

T), they are zero. Moreover, one can also readily observe
that the transitions from the electron ground state to the hole
quantized states are characterized by an OS that is much smaller
than those of the other transitions between the electron excited
states and hole states. This is because the former are associated
with type-II transitions (shown in Figure 5a as red histograms)
between the different hole confined states (for which the carriers
are mainly delocalized into the tetrapod arms; see Figure 4d�f)
and the electron ground state localized in the core (Figure 4a).
Instead, the other transitions are of type-I (green and blue
histograms in Figure 5a) and involve electron and hole confined
states of carriers delocalized in the CdTe arms.

In Figure 5b, we report the single-particle absorption spec-
trum, computed for sample A3 including transitions between the
40 lowest hole states and the 20 lowest electron states, super-
imposed on the experimental absorption spectrum. The main
absorption onset with two superimposed peaks originates from
the convolution of the first four type-I transitions having the
largest oscillator strengths (and identified as green bars). In par-
ticular, those labeled 1 and 2 (having a spacing of about 6 meV)

are transitions between the first two electron excited states
and the two lowest, degenerate, hole states. The one labeled as
3 is determined by the transition between the third excited
electron state and the third hole state, and it lies at about 36 meV
from transition 2. Finally, the fourth electron excited state and
the second hole excited state produce the transition labeled 4 at
about 59 meV from the transitions 1 and 2. The red bars at lower
energy in Figure 5b, characterized by weak oscillator strengths,
are associated with type-II transitions (these are shown in
Figure 5a for the first three confined states as red histograms).
The large difference in the OSs between the type-II and type-I
transitions together with the different symmetries of the confined
states should clearly affect the photoluminescence (PL) spectra
of these CdSe/CdTe tetrapods. In particular, even though the
lowest-energy transition should be an infrared type-II transition
of the type EeGSf EhGS, a finite probability for the higher-energy
transition Ee1ESf Eh1ES, as a type-I transition with electrons and
holes delocalized along the arms, should be taken into account,
because the probability of an intraband transition leading the
carriers from the first excited state, E1ES, with T2 symmetry to the
ground state, EGS, with A1 symmetry, is very small or even zero.

’OPTICAL CHARACTERIZATION AND DISCUSSION

The tetrapod absorption spectra (Figure 6a) exhibited a clear
red shift with respect to that of the CdSe seeds (Figure 6b),
because of the absorption of the CdTe arms, whose volume is
much greater than that of the CdSe seeds (in our tetrapods,
Vseed/Varms ranges from 0.2 to 0.05 for different dimensions).
Unlike samples A3 and A4, samples A1 and A2 showed less
structured and broader spectra, typical of nanostructures in
which the type-II nature becomes observable in absorption.
Indeed, in these samples (especially sample A1), the volumes
of the two components were comparable. The appearance of a
long red tail is a signature of the dominance of type-II
absorption.38,50,56 The corresponding PL spectra (Figure 6c)
exhibit a broad peak located in the near-IR region (labeled as P2
peak), about 400 meV below the absorption band edge of the
tetrapods. The PL line shape has an asymmetric character, and
the full width at half-maximum (fwhm) of this signal is generally
on the order of 150 meV, well above the usual broadening
observed in type-I colloidal nanocrystals (about 70�80 meV66),
exhibiting an almost monotonic behavior (A1, 138 meV; A2, 165
meV; A3, 152 meV; A4, 170 meV). These values closely follow
those recently reported on CdTe/CdSe type-II nanocrystal

Figure 5. (a) Oscillator strengths calculated for a CdSe (core)/CdTe (arms) tetrapod with geometrical parameters equal to those of sample A3,
obtained using 20 and 40 electron and hole quantized states and relative histograms. (b) Computed single-particle absorption spectrum as red (type-II
transitions, magnified 5-fold) and green (type-I transitions) vertical bars for sample A3 and comparison with the experimental data (solid black line).
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systems by de Mello Doneg�a38 for which the broadening was
found to increase with increasing volume of the two individual
components of the heterostructure. The asymmetry of the PL is
typical for type-II heterostructures, and it is commonly ascribed
to the inhomogeneity of the samples and to the unavoidable
multiplicity of the type-II system, as found by our calculations as
well (see Figure 5b). In addition, by fitting the type-II PL with a
number of Gaussian peaks (not shown here), we found that each
type-II peak can be considered as a convolution of at least three
Gaussian peaks. We therefore consider both of these effects as
being responsible for the asymmetric line shape observed.

Only tetrapod samples with arms longer than 6 nm exhibited
an additional PL peak (labeled as P1), which fell in a region close
to the lowest excitonic absorption peak (indeed, sample A2
shows a very low signal, as magnified in Figure 6c). As for type-II
emission, the P1 peak shows a certain asymmetry constituted by a
red tail (Figure 6c). In this case, it can be ascribed to a very
common process afflicting the PL of colloidal nanocrystals
having a single size distribution, which is the long-range resonant
transfer (LRRT) of the charge excitation from nanocrystals
having large energy gaps to nanocrystals with a smaller gaps
belonging to the same sample.66,76

The spectral positions of P1 and P2 are strongly correlated
with the size of the CdTe arms of the tetrapods. In accordance
with the HRTEM observations that longer-arm samples also
have smaller arm diameters, the emission energy blue shifts with
increasing arm length of the tetrapods (see Table 1). Regarding
the origin of the two emission peaks, the calculations reported in
the previous section, together with previous experimental studies
on CdSe/CdTe nanorod heterostructures,58�60 suggest that
peak P1 arises from a type-I recombination occurring in the
CdTe section, whereas peak P2 arises from a type-II recombina-
tion of electrons localized in the CdSe section and holes
delocalized in the CdTe section. We confirmed this attribution

by performing PL experiments as a function of the excitation
power. In Figure 7, we plot the energy positions of peaks P1 and
P2 as a function of the excitation power for the samples studied.
In particular, Figure 7b reports the evolution of the P2 energy
versus the cubic root of the applied excitation power (ranging
from 25 μW to 34 mW). The signals originating from A2 and A3
are almost completely overlapped because of the proximity of
their type-II emission energies. A clear blue shift of the emission
energy with increasing laser power was observed (total shifts of 9,
22, 20.4, and 5.4 meV for samples A1�A4, respectively). Such a
linear dependence of the shift on the cube root of the power
represents a clear fingerprint of a type-II transition.61 This is due
to a screening of the internal electric field generated by the charge
separation under intense photogeneration in the neighborhood
of the interface, because of the storage of electrons and holes near
the core/arm interface.61,62 This field induces a band bending
near the contact surface between the two materials and a
consequent blue shift of the original type-II transition, because
the transition originates mainly from recombination of carriers
located at the interfacial region.62 In contrast, no detectable shift

Figure 6. Absorption spectra of the (a) four samples of tetrapods and
(b) CdSe starting seeds (orange line), as recorded at room temperature.
PL spectra of the (c) four tetrapods and (d) CdSe starting seeds
measured at 10 K. The presence of type-I (P1) and type-II (P2) peaks
in longer-arms tetrapods is noticeable, along with the increasing con-
tribution of the visible emission and the blue shift of both P1 and P2 with
increasing arm length. Peak P1 of sample A2 has been magnified for
clarity.

Figure 7. (a) Power dependence of the type-I emission energy of two of
the four samples studied, upon excitation of the tetrapods in the power
range from 25 μW to 34 mW. (b) Type-II PL energy versus the cubic
root of the excitation power of the four samples. The lines are a guide for
the eyes.
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and/or a linear dependence on the cubic root of the laser power
was observed for the P1 peak energy (Figure 7a), which had the
typical behavior of a type-I transition. In addition, it is interesting
to note that the data of Figure 7 are consistent with the size
dependence of the energy gap of the arms, whose diameter
shrinks with increasing length. In the CdSe/CdTe type-II
nanorods synthesized by other groups, the presence of the visible
CdTe peak was explained by assuming two main processes:58 (i)
resonant energy transfer (RET) from higher-energy-gap CdSe to
lower-gap CdTe and (ii) ultrafast core�arm hole transfer.
Considering the energy transfer from CdSe to CdTe to be
responsible for the CdTe emission, we note that it should be
measured in both long-arm (as actually noticed) and short-arm
tetrapods. This is in contrast to our experimental evidence,
according to which the type-I transition was suppressed or
considerably decreased in samples A1 and A2. On the other
hand, ultrafast hole transfer would require the rate of hole
transfer to be several orders of magnitude higher than the rate
of electron transfer. PL experiments (not shown here) performed
by exciting the tetrapods exclusively in the CdTe arms with a
He�Ne laser at 1.958 eV (i.e., at an energy below the CdSe core
energy gap and thus excluding both core�arm RET and hole

transfer from CdSe to the CdTe valence band) showed that the
visible PL peak was still preserved. This suggests that, even
though RET and ultrafast hole transfer might play some role in
our tetrapods, they cannot fully explain our experimental data.
Instead, the presence of the type-I transition can be better
justified by the different symmetries featuring the two observed
optical transitions, as discussed in the Theoretical Results
section.

From PL spectra obtained for samples with the same nano-
crystal concentration and under equal excitation conditions, we
also observed a variation in the relative integrated area of the two
PL emission peaks as a function of the tetrapod size. By plotting
the ratio of the integrated area of the P2 and P1 emission peaks
(associated with a type-II transition and a type-I transition,
respectively) for all of the studied samples, we observed a
decrease in the relative intensity of P2 with respect to P1 as a
function of the arm length (Figure 8). Theoretical calculations
performed using geometrical parameters corresponding to the
values for samples A2�A4 showed the same qualitative trend in
plots of the ratio of the oscillator strength of the type-II transition
to that of the type-I transition as a function of the arm length
(inset of Figure 8). This can be explained by the fact that, for a
constant core size, an increase in the arm length results in a
decrease in the electron�hole overlap in the ground state (i.e., a
reduction in the OS of the type-II transition), whereas the
electron�hole overlap of the first excited state remains quite
constant (implying a negligible variation of the OS of the type-I
transition). To obtain experimental support for these theoretical
results, we performed time-resolved PLmeasurements at 10 K on
all four tetrapod samples. The time traces were fitted to the
equation

IðtÞ ¼ ∑
n

i¼ 1
Aie

�ðt�t0Þ=τi ð1Þ

This sum accounts for the multiexponential character of the
decays, where τi is the lifetime of the ith decay process and Ai

represents its relative contribution to the overall decay. The type-
I emission (recorded in a time window of 2 ns, not reported here)
decays in a nonexponential way (triexponential) with an average
lifetime of some hundreds of picoseconds. Such properties,
extensively studied in ref 63, are typical of all-CdTe tetrapod-
shaped colloidal nanocrystals having a double emission peak, in
which the higher-energy emission closely follows the characteristics

Figure 9. (a) Time-resolved PL traces of the four samples recorded at 10 K, showing multiexponential decays (symbols), and relative best fit to eq 1
(red lines). (b) Plot of the single time constants extracted by the analysis (τ1�τ3) and the average lifetime (τav) as a function of the arm length for the
four samples studied.

Figure 8. Ratios of the PL integrated areas of the two emission peaks
plotted for three of the samples studied, as a function of the arm length
(on a semilogarithmic scale). The lines are a guide for the eyes. Inset:
Ratio of the oscillator strengths of the type-II transition to that of the
type-I transition (according to calculations) for samples A2�A4 as a
function of the arm length.
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of the type-I peak emission of our tetrapods. Here, we focus our
attention on the type-II transition with the aim of verifying that
tetrapods having different arm lengths had lifetimes that varied
according to the peculiar electron�hole localization.

We studied such decay times in a temporal window of 1 μs, as
we expected lifetimes longer than those of type-I PL, because of
the indirect nature of the transition. In Figure 9, we report the
temporal decays for the four samples (Figure 9a) and the
extracted time constant values for each sample (Figure 9b).
For completeness, in the same figure, we report the average
lifetimes as well, extracted using the expression

τav ¼
∑
n

i¼ 1
Aiτi2

∑
n

i¼ 1
Aiτi

ð2Þ

We note that almost all of the samples exhibit triexponential
decay, except for sample A1, which presents a biexponential
behavior. Both the single and average lifetimes follow a clear
increasing trend with increasing arm length, apart from a slight
deviation for sample A1, which decays biexponentially. This
behavior is consistent with the previous theoretical results,
according to which increasing the arm length of the tetrapod
results in a decrease of the OS of the type-II transition, thus
leading to an increase in the decay time. The nonexponential
decay of the type-II transition can be tentatively ascribed to
radiative recombination from different intrinsic states, as re-
ported by de Mello Doneg�a38 for similar materials. Based on our
calculations and evidenced by steady-state PL measurements, we
expect that the type-II transition is a combination of amanifold of
transitions falling in the same spectral region (see Figure 5b) and
involving states characterized by different degrees of electron�
hole localization. This is apparent, for instance, when considering
the first three quantized states depicted in Figure 4: two of these
states (EeGS f EhGS and E

e
GS f Eh2ES) give rise to two type-II

transitions corresponding to two different degrees of localization
for the electron and hole wave functions. At the same time, this
implies that the lifetimes of these states should be different (for
example, transition EeGS f Eh2ES is expected to be faster than
transition EeGS f EhGS because of its larger OS, as shown in
Figure 5a). The nonexponential character of the temporal decays
of all of the samples can therefore be associated to the detection
of a signal coming from a number of different states responsible
for the type-II PL. As extracted by the PL analysis, the type-II
peaks of all of the samples studied can be considered as convolu-
tions of at least three emitting states, although the real number

could be greater, as depicted in Figure 5. For these reasons, the
three exponential decays can be associated with the lifetimes
of the single emitting states featuring each sample. Regarding
sample A1, the absence of one component could be indicative of
some minor structural and/or geometrical differences between
that sample and all of the others, as can be guessed by the TEM
analysis (Figures 1 and 2), which would then be responsible for
differences in the electronic structure. These hypotheses, how-
ever, need to be confirmed by more detailed calculations and
experiments (which are currently in progress and which will be
the focus of a future work).

Another important issue is the understanding of the ther-
mally activated processes, acting as nonradiative channels that
quench the PL at high temperature. Toward this end, we
analyzed the temperature dependence of the PL intensity in all
of our samples.

In Figure 10, we report the results of this analysis for a
representative sample, namely, sample A3. As generally observed
in colloidal nanocrystals, the PL intensity exhibits a considerable
decrease at temperatures higher than 100�150 K. The plot of the
intensity as a function of 1/kBT (where kB is the Boltzmann
constant and T is the temperature) on a semilogarithmic scale
allows for the determination of the activation energy of the
thermal processes triggered at high temperature, by fitting the
experimental data with an Arrhenius law, using the expression

IðTÞ ¼ I0

1 þ ∑
n

i¼ 1
aieð�Ei=kBTÞ

ð3Þ

Here, n is the number of thermal processes, Ei represents the
activation energy of the ith process, and ai is a fitting parameter
accounting to the relative weight of each exponential term. For
each sample, we separately considered the PL arising from a type-
I recombination in the CdTe arms (P1 transition) and the signal
due to the indirect type-II recombination (P2). The activation
energies of the different samples are summarized in Table 1. For
the sake of clarity, we limit this discussion to the sample of
Figure 10, although all of our conclusions apply to the other
tetrapod samples as well. Concerning the type-I emission
(Figure 10a, peak P1) originating from the CdTe arms, this is
characterized by two thermal processes, whose activation en-
ergies are, for sample A3, equal to 9.7 and 58 meV. Even though
only two samples included in Table 1 show the smallest activa-
tion energy (labeled as Ea), this quantity characterized a larger
number of samples (not shown here) with a minor contribution
and was randomly distributed in the 7.5�14 meV range with

Figure 10. Plots of the integrated PL intensities versus 1/kBT (symbols) of both P1 and P2 for sample A3 and relative best fit curves (red lines) to eq 3.
The percentage values in parentheses indicate the relative contributions of the single processes considered.
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apparently no correlation with the morphology of the samples
(size and/or shape). Typical exciton binding energies in CdTe, as
reported in the literature, range from 17.5 to 25 meV. Therefore,
the process characterized by the lower activation energy in our
tetrapods is due not to exciton ionization but rather to carrier
delocalization from surface and/or core�arm interface defect
states.66 The process activated at higher temperature (with
activation energy Eesc) exhibits a diameter-dependent behavior
consisting of increasing activation energy with decreasing arm
diameter. This suggests that the process is associated with the
degree of quantization of the system and then with the energy
spacing among the states. In particular, we note that Eesc follows
strictly the same trend of ΔE1,2, which is the energy separation
between the first two well-resolved absorption peaks, as evi-
denced in Table 1. To assess the clear origin of this thermal
process, we compared the experimental and theoretical absorp-
tion spectra, as depicted in Figure 5b. Considering the theoretical
absorption shown in Figure 5, one can regard the pairs of
transitions 1, 2 and 3, 4 (hereafter referred to as T1 and T2,
respectively), as the highest contributors to the absorption at
lower energy. Therefore, by taking into account their relative
contributions, we can extract an average energy separation
between the two couples so that the value of ΔE1,2 reported in
Table 1 can be reasonably attributed to that value (about 49 meV
in sample A3). The size dependence and the similarity between
Eesc and ΔE1,2 suggest that the quenching process is related to
carriers jumping from states belonging to the pair T1 to states
belonging to the pair T2 (i.e., thermal escape).65,66 Indeed, this
process (characterized by carrier�phonon coupling) is strictly
related to the degree of quantization, because it induces the jump
of the carriers between the different confined states through
absorption of a certain number of optical phonons such as to
cover the energy spacing, and it is known to be the main cause of
temperature-induced PL quenching in colloidal nanocrystals.65,66

The P2 (type-II) transition presents two activation energies
(75 and 449 meV), although the first one has a very low
contribution (about 1% in all of the samples studied). Whereas
the first energy can be reasonably ascribed to thermal escape,
as in a standard type-I transition (strongly attenuated because
of the electron localization into the core), the second energy
(Eb in Table 1) provides a signature of electron scavenging
across the conduction band barrier, ΔEC, from the CdSe
seed to one of the CdTe arms, which can be defined as
the energy spacing between type-I and type-II transitions
(ΔEI�II in Table 1). The likely occurrence of this process is
supported both by the results of our computations, according
to which the first conduction band excited state in CdSe seeds
should lie above several hundred millielectronvolts, and by the
agreement between the analytical activation energy Eb and
ΔEI�II.

’CONCLUSIONS

In summary, we have studied the optical properties of CdSe
(core)/CdTe (arm) tetrapods synthesized by a seeded-growth
approach. We found that, because of band alignment, the
nanostructures exhibit a type-II transition falling in the infrared
region and a type-I visible transition arising from direct recom-
bination occurring exclusively in the CdTe arms. Short-arm tetra-
pods (shorter than 9 nm) show the indirect type-II transition
only, whereas for longer arms, the direct transition survives.
Aided by theoretical considerations, we assigned the origin of

the visible emission and explained its presence in terms of the
different symmetries of the two involved transitions (which cause
a reduction of the intraband carrier relaxation and a nonzero
probability of the higher-energy type-I optical transition occur-
ring in the CdTe arms). We probed this hypothesis by perform-
ing time-resolved PL measurements on both type-I and type-II
emissions, finding good evidence for the various degrees of
electron�hole wave function localization occurring in tetrapods
with different arm lengths. The thermally activated nonradiative
processes responsible for the reduced PL efficiency at high
temperature were also studied. The type-I transition undergoes
a main nonradiative process consisting of thermal escape of both
electron and hole carriers. Furthermore, the CdSe/CdTe tetra-
pods are characterized by an additional process that is activated at
low temperatures (a few millielectronvolts) and that is likely
responsible for carrier delocalization along the arms. Finally, we
found that the type-II transition sustains electron promotion
from the core region to the arm conduction band.
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