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olloidal semiconductor nanocrystals

have great potential for applications

in opto-electronic devices such as
LEDs, lasers, and photovoltaic cells' 3 due
to their widely tunable electro-optic proper-
ties. Precise control of the charge carrier
localization is prerequisite to a successful
implementation of these materials in prac-
tical devices. This can be achieved by the
growth of core/shell heterostructures that
enable the engineering of the band align-
ment and the spatial distribution of the
electron and hole wave functions by com-
bining semiconductors with different en-
ergy gaps. In particular, with the so-called
type-l band alignment, the core of the
nanocrystal is surrounded by a shell having
a wider band gap such that the minimum of
the conduction band (CB) and the maxi-
mum of the valence band (VB) are both in
the core. As a result, excitons are confined to
the core, typically leading to high and stable
photoluminescence quantum yields. On the
other hand, in type-Il heterostructures, the
band extrema are located in different ma-
terials. This leads to spatially separated ex-
citons, a configuration finding its natural
implementation in photovoltaic devices,
switches, and lasers.* Recently, a new class
of heterostructures attracted attention.
Here, a spherical CdSe core is covered by a
rod-shaped CdS shell (Figure 1a), resulting
in a configuration intermediate between
type-l and type-ll. Such heteronanostruc-
tures can be produced with narrow size
distributions and a small number of defects,
and thus can exhibit an extraordinarily high
quantum yield (as high as 75%).>~7 Attrac-
tive new opto-electronic properties arise
from the mixed dimensionality in which
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ABSTRACT Colloidal semiconductor quantum structures allow controlling the strong confine-
ment of charge carriers through material composition and geometry. Besides being a unique
platform to study fundamental effects, these materials attracted considerable interest due to their
potential in opto-electronic and quantum communication applications. Heteronanostructures like
(dSe/CdS offer new prospects to tailor their optical properties as they take advantage of a small
conduction band offset allowing tunability of the electron delocalization from type-l toward quasi-
type-ll. Here, we report on a detailed study of the exciton recombination dynamics in CdSe/CdS
heterorods. We observed a clear size-dependent radiative lifetime, which can be linked to the
different degree of electron wave function (de)localization. Moreover, by increasing the temperature
from 70 to 300 K, we observed a considerable increase of the radiative lifetime, clearly
demonstrating a reduction of the conduction band offset at higher temperatures. Understanding
and controlling electron delocalization in such heterostructures will be pivotal for realizing efficient

and low-cost photonic devices.
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the zero-dimensional core structure is sur-
rounded by the one-dimensional rod-
shaped shell. Indeed, a wealth of interesting
physical properties have already been
observed, such as an exceptional size-de-
pendent quantum-confined Stark effect,*®
suppression of the single-dot photolumi-
nescence blinking,” and suppression of the
Auger recombination rate together with a
very long gain lifetime.'® This concurs with
results obtained for spherical CdSe core—
giant CdS shell nanocrystals."'~'> Despite * Address correspondence to
these numerous observations, open ques-  gra@zurich.ibm.com,
tions remain regarding the actual band zegerhens@ugent.be,
alignment and its influence on the radiative ~ "fm@zurich.bm.com.
recombination processes. Optical measure- g cqived for review February 14, 2011
ments proposed a quasi-type-ll alignment  and accepted April 13, 2011.
in which the electron wave function is fully . . .
X . Published online April 19, 2011
delocalized over the rod while the hole  141021/nn2005969
wave function is localized in the core region
(Figure 1b).8'16'17 In addition, ab initio  ©2011 American Chemical Society
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Figure 1. (a) Sketch of the dot-in-rod structure and of the
electron and hole spatial wave function distributions. (b)
Illustration of the band alignment for two conduction band
offsets (A ~ 0 and A ~ 0.3 eV). (c) Representative TEM
images of CdSe/CdS nanorods, core size 3.3 nm, rod length
29.3 + 2.4 nm, and rod width 4.1 + 0.4 nm.

quality charge patching method calculations resulted
in a complete type-ll configuration.”® In contrast,
scanning tunneling spectroscopy (STS) studies'® and
optical measurements,?®?' reinforced by envelope-
function theoretical calculations, suggested a conduc-
tion band offset of A ~ 0.3 eV with the possibility to
change from type-I to a quasi-type-Il regime by tuning
the core diameter.

As the understanding and control of the band
alignment are prerequisite to harness the unique
opto-electronic properties of these dot-in-rod struc-
tures, further experimental work clarifying the (de)lo-
calization of the electron wave function is mandatory.

Here, we investigate CdSe/CdS dot-in-rod struc-
tures that exhibit almost no thermally induced
quenching of the photoluminescence, which is in-
dicative of a negligible density of defect states at the
CdSe/CdS interface and the CdS surface. This allows
us to study the electron (de)localization by means of
time-resolved photoluminescence (PL) measure-
ments. Indeed, we observe a clear size-dependent
radiative lifetime, which can be linked to the differ-
ent degree of localization of the electron wave
function. Moreover, the exciton radiative lifetime is
found to increase with increasing temperature, an
uncommon feature that has not been reported so far
for such a material system. In principle, this behavior
can be explained by considering the occurrence of
different processes: (i) an exciton redistribution in
space along with phonon/defect
scattering,?? (i) a detrapping process from trap
states to the exciton states,”® (iii) the contribution
of a thermally populated higher emitting state with a
different oscillator strength, (iv) a temperature-de-
pendent band offset with a consequently different
degree of localization for the electron wave function.
In the present work, we provide a thorough study on
a set of samples that supports the last hypothesis.
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Figure 2. (a) Temperature dependence of the PL emission
peak energy (solid squares) and width (solid triangles). The
solid lines are fits using the Varshni law and the exciton—
phonon model for the temperature variation of the energy
and width, respectively. (b) Integrated PL intensity vs tem-
perature. No appreciable PL quenching is observed.

RESULTS AND DISCUSSION

CdSe/CdS nanorods were synthesized according to
an established procedure® allowing a narrow size
distribution of nanorod diameters and lengths.
Figure 1c shows a typical transmission electron micro-
scopy (TEM) image, illustrating the narrow dispersion
in rod diameters and lengths of the samples used (see
Figure S1 in the Supporting Information for statistical
analysis of the lengths and diameters of all samples
used in this study).

First, we investigated the change of the PL spectrum
as a function of temperature T. Figure 2 reports the
results obtained by fitting a single Gaussian function to
the PL spectrum recorded at different temperatures
(the raw spectra are shown in Figure S2 in the Support-
ing Information). As expected, the PL peak energy
shifts toward lower energy owing to the lattice defor-
mation potential and exciton—phonon coupling,
which leads to a smaller energy band gap. The experi-
mental data are well-fitted by the empirical Varshni law
for the band gap Eq(T) = E4(T = 0) — oT*/(T + f), as
reported in Figure 2a. The resulting fitting parameters
(o~ 5 x 10" *eV/K; B ~ 250 K) are, in first approxima-
tion, similar to those of bulk CdSe material.>*** This
suggests that the emission originates mainly from
electrons and holes near the band edge of the CdSe
core. The temperature dependence of the PL peak
width has been fitted using the exciton—phonon
model, which has been successfully applied to similar
heterostructures before.?*?> Here, the peak width is
given by I'(T) = ['jnpy + Dac T+ Tiolexp(—E o/(kT)) — 1),
where [, is the inhomogeneous width, I'ac the
exciton—acoustic phonon coupling coefficient, I' o
the exciton—LO phonon coupling coefficient, E o the
LO phonon energy, and k the Boltzmann constant.
Again, the parameters extracted (I'jn, ~ 40 meV, ['ac ~
5ueV/K, I'\o ~ 18 meV, E o ~ 30 meV) are similar to the
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values reported in literature.>**> Finally, Figure 2b
reports the PL intensity as function of temperature.
No appreciable drop in the PL intensity has been
observed, pointing toward a strong suppression of
the thermally activated nonradiative recombination
processes. This is probably due to the reduced density
of defect states at the interface, which are commonly
thought to be efficient trap centers giving rise to
nonradiative decay.?*~2° In contrast, the PL intensity
of typical CdSe/ZnS QDs decreases with increasing
temperature, as often reported in literature (see Figure
S$3in the Supporting Information).?* 2% Indeed, the use
of a CdS shell with a lower lattice mismatch (than the
ZnS) minimizes the occurrence of defects and/or dis-
locations, which otherwise strongly quench the PL
intensity. It is worth noting that the resulting electronic
configuration in such heterostructures (i.e., the number
of states localized in the core region and their energy
separation) could also play an important role in the
suppression of the temperature-induced quenching
process.>*

To gain more insight into the underlying decay process,
we performed time-resolved PL experiments as a function
of temperature, as reported in Figure 3. The traces can be
fitted by a monoexponential decay function up to room
temperature with a typical decay time of some tens of
nanoseconds. An increase of the exciton lifetime with
temperature is clearly observed. This confirms the hypoth-
esis that a single effective state contributes to the radiative
recombination. In contrast, in CdSe/ZnS QDs, the lifetime
decreases with temperature and becomes strongly non-
exponential (see Figure S4 in the Supporting Information).
The observed increase of the exciton lifetime in the dot-in-
rod structures can be explained by considering the
different effects already outlined above. In order to
narrow down on the relevant processes, we extended
our investigation to a set of samples having different core
diameters, ranging from 2.2 to 3.3 nm, while maintaining
the same shell shape and thickness (the statistical TEM
analysis can be found in the Supporting Information).

Figure 4 summarizes the experimental results. In
Figure 4a, the energy difference between the exciton
absorption peaks of core-only and core—shell structures
is plotted as a function of the core diameter (see Figure S2
in the Supporting Information for the full absorption
spectra). A larger red shift is observed for structures
having smaller cores. In addition, the room-temperature
exciton lifetimes are plotted versus the core diameter. It is
evident that smaller core heterostructures exhibit a long-
er exciton lifetime (see also the inset of Figure 4a). If the
CdSe/CdS dot-in-rods behaved as simple CdSe core QDs,
the opposite trend would be observed, that is, a decreas-
ing radiative lifetime with decreasing core size.”’ There-
fore, we interpret these observations in terms of a
changing delocalization of the electron wave function
in the shallow potential well that is formed by the CdSe/
CdS heterostructure. In other words, the smaller cores
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Normalized PL Intensity

Figure 3. Time-resolved PL measurements vs temperature.
A clear increase in the exciton lifetime is observed.

exhibit larger electron delocalization, and consequently,
they show a longer radiative lifetime. The hole levels are
affected less and remain confined in the core region
because of the higher valence band offset and the higher
hole effective mass.?° It is worth noting that, since the
shape of the rod remains almost the same by changing
the core size, the change in shell thickness may also
contribute to the observed increase in the electron
delocalization for smaller core heterostructures.

Figure 4b shows the measured exciton lifetimes as a
function of temperature for all samples studied. Between
75 and 300 K, we systematically find a size-dependent
radiative lifetime. In particular, at 75 K, the lifetime
changes from 16 to 8 ns for 2.2 and 3.3 nm core-size
samples, respectively. This drop by a factor of 2 agrees
well with the computed electron—hole overlap based on
the envelope function approximation and an offset of A ~
0.3 eV between the CdSe and the CdS conduction band.*°

Moreover, in all samples studied, an increase in the
exciton lifetime with temperature is observed. This
behavior cannot be related to the influence of defect
states (hypothesis (ii)) or to a higher energy state with
different oscillator strength (hypothesis (iii)). Indeed,
one would expect the PL to be quenched at higher
temperature because of the trapping process and a
non-exponential decay in the latter case. On the other
hand, it is well-known that an increase in temperature
(or pressure and strain®® %) alters the conduction and
valence band energies in semiconductors and semi-
conductor nanocrystals. This is mainly due to the
interaction with the lattice vibrations and a volume
change. Consequently, the band offset is also tempera-
ture-dependent because the energy bands in each
semiconductor forming the heterojunction will exhibit
a temperature dependence related to the semicon-
ductor's own crystal structure (see Figure S6 in the
Supporting Information). Moreover, temperature can alter
the amount of accumulated charges at the interface with
a net change in the built-in potential. In this way, the
experimentally observed prolonging of the radiative ex-
citon lifetime points toward an increased electron
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Figure 4. (a) Energy difference AEps (black squares) between the first exciton absorption peak in core-only and core/shell
structures together with the PL lifetime (red triangles) as a function of the core diameter, measured at room temperature. The
inset shows the time-resolved PL traces for the four different samples. (b) Temperature dependence of the PL lifetime for all
core diameters studied. The sketch illustrates the expected conduction band configuration, i.e., the change in the energy
levels for different core diameters; the different degree of wave function delocalization together with the decrease of the
conduction band offset (AE) as a function of the temperature T.

TABLE 1. Sizes of the CdSe/CdS Nanorods Used

CdSe core size (nm) length (nm) diameter (nm)
22 37.6+23 47+£05
25 273+33 48+05
29 299423 45+05
33 293+24 414+ 04

delocalization resulting from a reduction of the conduc-
tion band offset with increasing temperature. It is worth
pointing out that the increase in the lifetime starts to be
effective at relatively high temperatures (>100 K, see
Figure 3), which is the temperature range where the
energy gap starts to shift strongly toward lower energy
(Figure 2). This provides additional support for hypothesis
(iv) that the increasing radiative lifetime is mainly due to a
change of the band-offset (ruling out hypothesis (i), which
occurs at very low temperature). However, as the change
of the core diameter involves other intricate changes (i.e.,
electronic states, volume, coupling to the phonons>?),
there is no simple relation that can quantitatively describe
the slightly different temperature dependencies of the
different samples.

CONCLUSION

In summary, we reported on the radiative recombi-
nation process occurring in high-quality CdSe/CdS dot-

EXPERIMENTAL SECTION

Sample Preparation. CdSe/CdS nanorods were synthesized
according to a published procedure.® First, CdSe cores (seeds)
are synthesized in trioctylphosphinoxide (TOPO), using a mix-
ture of cadmium oxide (CdO) octadecylphosphonic acid and
trioctylphosphineselenide (TOPSe) as precursors. The CdSe

RAINO ET AL.

in-rod structures. We observed that the thermally
induced PL quenching is almost absent, which enables
us to access the radiative decay directly without non-
radiative processes concealing the effects of the wave
function delocalization. A clear increase of the radiative
lifetime with decreasing CdSe dot size has been ob-
served, caused by the different degree of localization of
the electronic wave function. Quantitatively, the
change in lifetime agrees well with a conduction band
offset of 0.3 eV, as proposed earlier in the literature.'>?°
Moreover, the exciton lifetime increases with tempera-
ture owing to a change in the band offset. These results
indicate that the degree of electron localization in the
lowest conduction band level can be controlled by the
size of the core and the temperature. This also suggests
that results obtained at low temperature should be
used with care when explaining experiments con-
ducted at room temperature.

A comprehensive quantum description of the elec-
tron—phonon coupling,®’ the band-offset, and the
electron—hole exchange interaction would be re-
quired to explain quantitatively the temperature de-
pendence of different core sizes. Understanding and
controlling the electron (de)localization in these col-
loidal dot-in-rod nanocrystals will provide the grounds
for realizing efficient and low-cost light-emitting
devices.

cores have a band gap in the range 480—600 nm. The QD size
dis determined according to the sizing curve of Jasieniak et al.>?
The QD concentration in suspension C is calculated from
Beer's law (A = ¢CL, where L is the sample length). We use the
absorbance at 350 nm Asso and a molar extinction coefficient
£350 Obtained from the size-independent absorption coefficient
at 350 nm:?
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€350 = 0.01685 x d® cm ™' /uM

To synthesize the CdSe/CdS nanorods, the CdSe seeds are
co-injected with a TOPS precursor into a hot reaction mixture
that contains octadecyl- and hexylphosphonic acid, TOPO and
Cdo.

Structural Characterization. Transmission electron microscopy
(TEM) measurements were carried out using a JEOL FE2200.
Analysis of the nanorod length and diameter was performed
using DigitalMicrograph software. Table 1 summarizes the
dimensions of the nanorods used throughout this work.

Optical Characterization. For optical measurements, a thin film
was prepared by drop-casting the QD solutions on a precleaned
glass substrate. Luminescence spectroscopy was performed by
exciting the samples with a frequency-doubled Ti:sapphire
mode-locked laser delivering pulses of about 150 fs duration
at 400 nm and a repetition rate of 80 MHz. Time-integrated
photoluminescence was analyzed using a CCD-coupled grating
spectrometer. Time-resolved photoluminescence was recorded
by an avalanche photodiode (APD) in combination with a time-
correlated single-photon counting (TCSPC) module. The experi-
mental time resolution is about 100 ps.
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