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ABSTRACT: A two-step process has been developed for
growing the shell of CdSe/CdS core/shell nanorods. The
method combines an established fast-injection-based step to
create the initial elongated shell with a second slow-
injection growth that allows for a systematic variation of the
shell thickness while maintaining a high degree of
monodispersity at the batch level and enhancing the
uniformity at the single-nanorod level. The second growth
step resulted in nanorods exhibiting a fluorescence
quantum yield up to 100% as well as effectively complete energy transfer from the shell to the core. This improvement
suggests that the second step is associated with a strong suppression of the nonradiative channels operating both before
and after the thermalization of the exciton. This hypothesis is supported by the suppression of a defect band, ubiquitous to
CdSe-based nanocrystals after the second growth.
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The versatility of inorganic nanocrystals is greatly
expanded by the possibility of modifying their
electronic properties by changing not only their size,

but also their dimensionality. In particular, elongated structures
such as nanorods exhibit an attractive set of emergent
properties that set them apart from spherical quantum dots,
such as a large degree of fluorescence anisotropy1,2 and
enhanced transport through various types of biological tissues.3

Among visible-light-emitting materials, seeded CdSe/CdS
nanorods (structures consisting of a spherical CdSe core
surrounded by an elongated CdS shell) have emerged as a
robust material system combining a high degree of mono-
dispersity with bright and spectrally narrow photoluminescence.
However, while rapid initial progress in the development of
CdSe/CdS nanorods resulted in the achievement of fluo-
rescence quantum yields of up to 75%,1,4 further improvement
of the quantum yield proved elusive using conventional fast-
injection-based preparations. Moreover, as with CdSe/CdS
quantum dots, the quantum yield was rapidly observed to
decrease with increasing shell volume, an effect that was
attributed to the long radiative lifetimes caused by delocaliza-
tion of the electron into the shell.1 This reduction in the
efficiency has been a significant barrier to these materials for a
variety of optical and optoelectronic applications, such as

luminescent solar concentrators (LSCs) and light-emitting
diodes (LEDs).5−9

In this work, we have employed a two-step process to
synthesize the shell by first using a hot injection reaction to
grow a thin CdS layer, followed by a slow second growth. The
first step is needed to maintain kinetic control over the initial
growth of the shell in order to obtain a monodisperse batch of
nanorods with a well-defined elongated geometry, as previously
reported.10 The second slow growth in turn was motivated by
our previous work on spherical CdSe/CdS quantum dots,
where a slow high-temperature growth was seen to improve
both the synthetic and optical quality of the nanoparticles. In
our study we show that the second growth step not only
improved the crystallinity of the nanorods but had a major
impact on the optical properties, increasing the fluorescence
quantum yield up to unity, highly suppressing residual defect
emission, and allowing for complete energy transfer from the
shell to the core. Our approach highlights the benefits of
decoupling the growth of anisotropic heterostructures into two
steps: (1) a fast step needed to direct the shape and size of the
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nanostructures and (2) a slow annealing step to reduce the
defects introduced by the fast growth to highly suppress the
nonradiative channels that reduce the fluorescence quantum
yield.

RESULTS AND DISCUSSION

The general synthetic scheme for the shell growth is illustrated
in Figure 1a. Spherical CdSe cores were first overcoated using
an established fast-injection-based recipe1 to yield thin-shelled
CdSe/CdS nanorods with a high degree of monodispersity.
These nanorods were then isolated, and in a second reaction
the shell was grown further using a high-temperature, slow-
injection reaction. The second growth provided two key
advantages: (1) an increase in the fluorescence quantum yield
and a suppression of the trap emission and (2) independent
control of the shell thickness. This synthetic protocol resulted
in nanorods that remained very monodisperse at the batch level
even as the shell thickness was continuously increased. In order
to study the effective monodisperisty of the sample as it relates
to the optical properties of the system, the ensemble and
average single-nanorod spectral correlations were measured
using solution photon correlation Fourier spectroscopy (s-
PCFS; see Figure 1c).11 From the small difference between the
two spectral correlations, one can readily conclude that the
inhomogeneous broadening of the sample results in only a
minor contribution to the overall spectral width. In addition,
the particles were highly uniform and crystalline at the
individual nanorod level, as can be seen from the high-
resolution TEM in Figure 1d. The uniformity achieved after the
second growth step appears to be a significant improvement
from the initial nanorods, where the fast injection frequently
results in the appearance of visible kinks as well as other
crystallographic defects such as edge dislocations (see Figure
S3).

In order to systematically study the evolution of the
electronic and optical properties of the new nanorods, a size
series was prepared by first creating a batch of nanorods using
the conventional fast-injection-based growth (denoted F1),1

which was then subjected to an additional slow growth step to
create two new samples, which we denoted in the order of
increasing thickness as S1 and S2. Finally in order to even more
drastically increase the shell thickness, sample S1 was subjected
to one additional slow growth, yielding the sample denoted S3.
As can be seen from Table 1, the length of all four samples is

almost unchanged (ranging from 40 to 45 nm), as additional
growth along the axial direction was balanced by the general
tendency of the particles to become more spherical after
prolonged reaction times. In contrast, the thickness increased
continuously from 5.5 nm for F1 to 6.3, 7.0, and 9.5 nm in S1,
S2, and S3, respectively. By taking into account the initial size
of the core (d = 4.9 nm) and the thickness of each individual
CdS layer, we can estimate the change in the number of CdS
monolayers (estimated assuming each layer of CdS had a
thickness of 0.35 nm) to be from 1 in F1 to 2, 3, and 7
respectively in S1, S2, and S3.
The fluorescence spectra of these samples are shown in

Figure 2a. As the shell volume was increased, the spectra
continuously red-shifted and the line shapes slightly broadened

Figure 1. (a) General synthetic scheme for the synthesis of the seeded nanorods. (b) TEM micrograph after growth of the second shell (S1).
(c) s-PCFS traces showing the ensemble and average single-nanorod spectral correlation of sample S1. (d) HRTEM of sample S2.

Table 1. Dimensions and Fluorescence Quantum Efficiency
of Nanorod Samples

sample
length
(nm)

width
(nm)

fluorescence lifetime
(ns)

quantum yield
(%)

F1 44 ± 4 5.5 ± 0.2 14 59 ± 1
S1 45 ± 3 6.3 ± 0.2 23 95 ± 1
S2 42 ± 3 7.0 ± 0.2 29 98 ± 2
S3 40 ± 3 9.5 ± 0.2 61 85 ± 1

ACS Nano Article

DOI: 10.1021/acsnano.5b06772
ACS Nano 2016, 10, 3295−3301

3296

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06772/suppl_file/nn5b06772_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b06772/suppl_file/nn5b06772_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b06772


as expected from the known tendency of the electron to
delocalize into the shell across the quasi-type-II barrier typical
of CdSe/CdS heterostructures.12,13 An interesting qualitative
difference between the spectra is revealed when replotting the
data on a logarithmic scale (Figure 2b). In addition to the band-
edge luminescence, one can distinguish an additional red-
shifted band in some of the spectra. Such a feature is ubiquitous
to CdSe- or CdS-based nanoparticles, and while its origin has
not been definitively identified, it is generally attributed to
defect states either at the surface of the nanoparticle or at the
core/shell interface and is for this reason usually denoted as the
trap band in these materials.14 What is interesting is that while
this feature is strongly pronounced in the initial CdSe cores and
still clearly apparent in the initial nanorods, this band is highly
suppressed in the samples subjected to the second slow shell
growth. Indeed the feature is essentially undetectable in the two
thinner nanorod samples (S1 and S2) and only re-emerged in
the thickest sample (S3), but even then remained much weaker
than in the initial nanorods.
The observed reduction in the defect band can be linked to

the large degree of uniformity and crystallinity of the shell and
the improved passivation of the surface made possible by the
slow growth step. Such a behavior is fully consistent with the
improved optical performance obtained in our previous work
on spherical CdSe/CdS quantum dots.5,15 Importantly in the
case of both the nanorods and the quantum dots the
suppression of the defect band is not simply a function of
the CdS shell thicknesss but always requires the slow growth
step. This behavior can be clearly seen in the case of the CdSe/
CdS QDs, where the fluorescence spectra for a series of aliquots
are shown in Figure S7a/b, all grown using a high-temperature

slow-injection growth as described in ref 5. No defect band is
apparent in any of the spectra, even for the lowest shell
thickness. In addition, samples of CdSe/CdS nanorods grown
using the fast-injection growth from a smaller initial core do
exhibit such a defect band (Figure S7c/d), even if the shell is
thicker than when starting from a larger core as in our present
study.2 These observations highlight the fact that it is the use of
a slow high-temperature growth step that is the key factor
enabling the suppression of the defect band and the more
general improvement in the optical properties.
The fluorescence quantum yield of the four nanorod samples

were then measured using an integrating sphere (see Table 1).
The excitation wavelength was selected to be 405 nm in order
to ensure that the majority of the absorption occurred directly
into the shell. The initial quantum yield of the nanorods after
the first growth was only moderate, at 59%, which already
represented a reduction from the higher values (70%+)
measured for nanorods made from the same batch of cores
but having a shorter shell. Upon growing a thin shell using the
slow growth method (sample S1), the quantum yield increased
to 95%. A similar sample having a thicker shell (S2) was
measured to have a quantum yield of 98%. This significant
increase in the quantum yield even as the shell volume was
increased suggests a strong suppression of the nonradiative
decay channels present in the initial nanorods. It was only when
growing the shell further that the quantum yield decreased, a
value of 85% being measured for the thickest-shelled nanorods
in this series. This final decrease in the quantum yield may
largely be due to the gradual lengthening of the radiative
lifetime as the shell volume was increased (see Figure 2d),

Figure 2. (a) Fluorescence spectra of the CdSe cores and the nanorods on a linear scale and (b) on a logarithmic scale. (c) Absorption spectra
of nanorods (inset magnification of first excitonic feature.) (d) Time-resolved photoluminescence traces of the nanorod samples.
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which again made the remaining nonradiative decay channels
competitive with radiative recombination.
The evolution of the normalized absorption spectra from the

CdSe cores to the nanorod series is shown in Figure 2c. At high
energies (above 500 nm), where most of the absorption is
mediated by the CdS shell, the spectra remain relatively
constant, barring the gradual disappearance of the sharp
features as the CdS shell gradually transitions from the quasi-
one-dimensional confinement to its bulk-like limit. However, as
in the case of spherical CdSe/CdS quantum dots, the biggest
change observed in the spectra consists in the relative reduction
of the first excitonic features (see the inset of Figure 2c)
compared to the CdS band as the volume of the shell increases
and consequently the volumetric ratio of CdSe to CdS
decreases.5 Because virtually all of the spectral overlap between
the emission and absorption spectra of the nanorods occurs
through this first excitonic feature, its relative reduction directly
leads to a decrease in the effective reabsorption of these
materials. Indeed, for the sample with the largest shell volume
(S3), the absorption at the fluorescence maximum is reduced
by 2 orders of magnitude compared to its value in the CdS
band. Such a low reabsorption is comparable to values
previously reported for giant-shelled CdSe/CdS quantum
dots and represents one of the lowest levels of reabsorption
measured in inorganic or organic materials.
One additional advantage of dividing the shell growth into

two steps is to allow for an independent control of the length
and thickness of the nanorods, allowing for the synthesis of

uniform particles with a wide range of aspect ratios for any
particular length. While conventional fast growth techniques
yield highly uniform particles with a tunable length, changing
the thickness has proven to be much more challenging since
varying most synthetic parameters such as the amount of
precursors injected and the reaction time predominantly affects
the length while leaving the thickness largely unchanged.1,2

While some progress has been reported for preparing thicker
shelled nanorods by using a higher injection temperature, this
approach nevertheless still resulted in coupled growth of the
nanorods along both their long and short axes.16 In contrast,
using our method, the first step results predominantly in
growth along the long axis, while the second step occurs under
conditions that promote symmetric growth in all directions.10,15

Therefore, by carefully selecting the reaction conditions our
method allows for core/shell nanorods with a desired
combination of length and thickness. As a final note, because
the shell is in equilibrium with the reaction precursors, under
conditions that promote isotropic growth, particles tend to
become rounder. As a result, during the second step, the length
may remain constant or even decrease even as the volume is
increasing. This fact should be taken into account when
designing the growth of the shell in order to obtain the target
dimensions.
One key property exhibited by the nanorods grown using the

current method is that in contrast to other large-volume CdSe/
CdS particles, they exhibit effectively complete energy transfer
from the shell to the core. Such a result could be anticipated

Figure 3. (a) Excitation−emission spectrum of CdSe/CdS nanorods (S2). (b) Normalized excitation−emission spectrum of S2. (c) Excitation
spectrum and absorbance of S2. (d) Optoelectronic processes in CdSe/CdS nanorods.
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from the fact that a unity quantum yield was measured even
when exciting at 405 nm, where most of the absorption
occurred directly into the shell. A more systematic demon-
stration of this property follows from the analysis of the
excitation−emission spectrum of the nanorods, shown in
Figure 3a, which shows the variation of the fluorescence
spectrum of the nanorods as a function of the excitation
wavelength. Upon normalizing the spectrum to the peak of the
fluorescence at each excitation wavelength (Figure 3b), it is
apparent that the spectrum remains completely unchanged,
suggesting that the exciton is always able to equilibrate on a
time scale much faster than the fluorescence lifetime. Upon
taking a cross-section of the 2D plot prior to normalization (or
equivalently directly measuring an excitation spectrum), the
resulting spectrum tracks the absorbance spectrum completely.
This property means that the quantum yield of the particles is
insensitive to the excitation wavelength.
The fact that the energy transfer in these nanorods is

significantly more efficient than in conventional nanorods of
similar dimensions indicates that the slow growth step results in
a suppression of the surface traps that can otherwise prevent
the exciton from localizing to the core.17 This general behavior
can be understood within the general scheme shown in Figure
3d. If the nanorod is excited well above its effective band gap,
the exciton that will be generated will mostly be delocalized in
the CdS shell (I). In order for the exciton to eventually
recombine radiatively in the core, it must successfully pass
through two branching ratios. First, the hot exciton must
localize in and around the core (II) upon thermalization (at an
effective rate kET) in competition with the parasitic pathways
that can trap the exciton or one of the charge carriers in the
shell (at a rate ktr). Finally, the exciton must recombine
radiatively (III) at a rate krad in competition with all the
remaining nonradiative decay channels (knr). Because both the
localization rate18 and the radiative rate are known to decrease
with the shell volume, the fact that nanorods subjected to the
slow growth step can exhibit a unity quantum yield when
excited into the shell indicates a strong suppression of all the
nonradiative channels operating both before and after the
thermalization of the exciton. It should be pointed out that
upon magnifying the spectral range around 500 nm, one can
observe a very small peak as shown in Figure S8, presumably
due to emission of light from the CdS shell prior to
thermalization. The integrated area of this feature is about
10 000 times weaker than the integrated band-edge spectrum,

which is consistent with the fact that the typical carrier
localization time scale (∼40 ps) is about 1000−10 000 times
shorter than the typical intrinsic radiative lifetime of CdS
nanostructures (∼10 ns).
Finally, in order to assess the degree of polarization of the

nanorods, we performed polarization-dependent single-particle
fluorescence spectroscopy. In particular we were interested to
see whether the thickest shell nanorods would exhibit the same
degree of polarization (P, defined as the difference of the
orthogonally polarized components of the fluorescence divided
by the total fluorescence intensity) as the conventional, thinner
nanorods obtained after the initial first injection. The
experimental setup that was used is shown schematically in
Figure 4a. The sample consisted of a dilute solution of
nanorods spun cast onto a coverslip, which allowed for a clear
separation between individual particles. The nanorods (sample
T1, which was synthesized using a similar procedure to that
used for sample S3) had a length of 63 nm and a thickness of
10 nm, resulting in an aspect ratio (the ratio of the length to the
width) of approximately 6. A typical trace showing variation of
the fluorescence intensity as a function of the polarizer angle is
shown in Figure 4b, from which the degree of polarization can
be estimated to be ∼65%. This value is comparable to values
that have been previously reported for nanorods that had a
similar aspect ratio, but with a thinner shell (and a
proportionately shorter length). Such a result is consistent
with the theoretically predicted component of the fluorescence
polarization that is attributable to the dielectric environment, as
this contribution should depend only on the aspect ratio rather
on the ratio of the length and the width of the shell, rather on
their absolute dimensions.19

CONCLUSION
In conclusion, we have developed a two-step method to grow
an elongated CdS shell on CdSe cores, yielding highly
monodisperse nanorods with tunable shell thickness and
near-unity quantum yields. The nanorods also exhibited highly
efficient energy transfer from the shell to the core, making the
structures well-suited for broadband light harvesting. The
improvement in the optical properties of the system may be
attributed to the increased uniformity and crystallinity of the
shell made possible by the long reaction time of the second
growth. This result extends the same optimization that we
previously reported for spherical giant-shelled CdSe/CdS
particles to a quasi-one-dimensional geometry where the

Figure 4. (a) Schematic of the setup used for polarization-dependent single-nanorod fluorescence spectroscopy. (b) Fluorescence intensity of
sample T1 as a function of the polarizer angle.
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good optical properties can be combined with linear polar-
ization. We believe that these new materials may be good
candidates for a variety of optical applications such as
luminescent downshifting and luminescent solar concentra-
tors.5,20

MATERIALS AND METHODS
Synthesis. The synthesis of the CdSe cores and the first fast-

injection shell growth were carried out by following a previously
published synthetic recipe. The second step of the shell growth
consisted of a slow high-temperature CdS growth, adapted from ref 5
and is described in detail in the Supporting Information.
Optical Imaging. Absorption spectra were recorded using a Cary

5000 spectrophotometer, and emission spectra were recorded using a
Fluoromax-3 spectrofluorometer. Quantum yield measurements were
taken using a Labsphere integrating sphere using a 5 mW, 405 nm
light as the source, chopping the beam at 210 Hz, and collecting the
output using a calibrated silicon detector through a Stanford Research
Systems lock-in amplifying system. A filter was used to spectrally
separate the fluorescence, and the final quantum yield was corrected
for reflectance and leakage of the filter.
Time-Resolved Photoluminescence. To measure the PL

lifetime, the nanorods were diluted in a hexane solution, placed in a
quartz cuvette, and excited with a pulsed 532 nm laser (PicoQuant) at
a 2.5 MHz repetition rate. The excitation light was removed using a
spectral filter, and the emission was collected by a single-photon
avalanche photodiode (Micro Photon Devices). The photon arrival
time was correlated with the excitation pulse by a Picoharp 300
(PicoQuant) time-correlated single-photon-counting system.
Single-Particle Fluorescence. The excitation source was a beam

of 488 nm light from an argon ion laser, which was rendered circularly
polarized using a quarter-wave plate and then focused onto the sample
using a 100× oil immersion objective. The emitted light was passed
through a polarizer and was finally collected by a CCD camera. The
fluorescence was connected with 30 s integration windows for each
data point as the polarizer was moved stepwise by 20° from 0° to 0°.
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