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A method for the synthesis of CdSe/ZnS core/shell nanorods is reported. In the first step
rods are grown, and in a second step a shell of ZnS is overgrown at moderate temperatures
in a mixture of trioctylphosphine-oxide and hexadecylamine. Structural and chemical
characterization using transmission electron microscopy, X-ray diffraction, and energy
dispersive X-ray spectroscopy were performed providing direct evidence for shell growth.
The emission quantum yield significantly increases by over 1 order of magnitude for the
core/shell nanorods compared to the original rods because of the improved surface passivation.
Rods with lengths up to ~30 nm were investigated, and in this size regime the maximal
achievable QY showed little dependence on length and strong dependence on rod diameter,
with increased QY in smaller diameters. Color tunability is available via tuning of the rod
diameter. The stability against photooxidation was significantly improved in core/shell
nanorods compared with rods coated by organic ligands.

Introduction

Shape control of colloidal semiconductor nanocrystals
has been recently achieved by modifying the synthesis
to obtain rod shaped particles—quantum rods (QRs).1 >
Such QRs display the transition from zero-dimensional
guantum dots (QDs), to one-dimensional quantum wires
in the sense that the length becomes a weakly confined
axis.® 8 QRs show several advantages over spherical
nanocrystals for serving as novel materials for laser
applications. In a recent study, lasing was detected for
CdSe rods overcoated by a thin ZnS shell, and the lasing
threshold was found to be significantly reduced com-
pared to the threshold for spherical QDs.® Color control
is available through the control of the rod diameter that
was found to govern the band gap energy of CdSe QRs.
Additionally, polarized emission was detected for rods
related with their cylindrical symmetry.1011 These
favorable characteristics of QRs as laser materials

provide clear motivation for improvements in their
emission quantum yield and photostability while still
maintaining the basic rod architecture. In this paper
we describe the preparation and characterization of
CdSe/ZnS core/shell nanorods of various lengths and
diameters with high emission quantum yields (QY) and
greatly improved photostability as compared with or-
ganically coated core rods.

For spherical semiconductor nanocrystals, a proven
strategy for increasing both the fluorescence QY and the
stability is to grow a shell of a higher band gap
semiconductor on the core nanocrystal.’2-21 If the band-
offsets between the core and shell materials are such
that the band-gap of the core is enclosed by that of the
shell, a configuration known as type I, then the electron
and hole wave functions may be confined to the core
region, reducing the probability for nonradiative decay
via surface states and traps. Such core/shell nanocrys-
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tals have proven useful in applications of nanocrystals
as biological fluorescence markers,??23 and as chro-
mophores in visible and NIR light emitting diodes
(LEDs).24

This calls for an effort of developing a synthesis of
core/shell nanorods with characteristics similar to those
found in their spherical analogues’ while still maintain-
ing the basic rod architecture. This presents a signifi-
cant synthetic challenge, as there is a requirement to
maintain the rod shape even though it is not the
thermodynamically stable configuration. To this end,
Scher et al. recently reported the synthesis of graded
CdSe/CdS/ZnS core/shell nanorods that, after photo-
chemical annealing, display high fluorescence QY in the
range of 15—20%.25 Here we report on a different
approach for growth of CdSe/ZnS core/shell nanorods
that does not involve photochemical annealing. The core/
shell nanorods synthesized by this method exhibit QY
in the range of 20—30% and the dependence of the QY
on rod length and diameter was investigated. We found
that the core/shell nanorods are significantly more
stable against photo degradation than CdSe rods over-
coated by organic ligands.

Materials and Methods

Chemicals for Synthesis of Core/Shell Nanorods. Di-
methylcadmium (Cd(CHjs),) and tri-n-butylphosphine (TBP,
99%) were purchased from Strem. Cd(CHjs), was vacuum
transferred from its original cylinder to remove impurities, and
stored in a refrigerator inside the glovebox. Tetradecylphos-
phonic acid (TDPA) was purchased from Alfa. Hexylphosphonic
dichloride (CsH13CI.PO, 95%), trioctylphosphine (TOP, 90%
purity), trioctylphosphine oxide (TOPO, 90% purity), selenium
(Se), hexamethyldisilathiane {(TMS),S}, 1 M diethylzinc
{Zn(Et)2} in hexane solution, anhydrous methanol, and an-
hydrous toluene were purchased from Aldrich. TOP was
purified by vacuum distillation and kept in the glovebox.
Hexylphosphonic acid (HPA) was prepared by reacting hexyl-
phosphonic dichloride with water. Solid HPA was extracted
with diethyl ether and isolated by evaporation of the solvent.

Stock Solution of CdSe Rods. Two methods were used.
Method A: 0.164 g of Cd(CHj3). (1.15 mmol) and 0.09 g of Se
(1.15 mmol) were dissolved in 2.8 g of TBP (16.4 mmol) or TOP,
yielding a Cd/Se ratio of 1:1. Method B: Two types of stock
solutions were used. For the stock solutions for rod nucleation,
Cd(CHs), and Se were dissolved in TBP in separate flasks,
where the Cd solution was 0.162 g (1.13 mmol) of Cd(CH3); in
0.34 g of TBP (2 mmol), and the Se solution was 0.064 g of Se
(0.81 mmol) dissolved in 1.45 g of TBP (8.5 mmol). For rod
growth, 0.03 g of Cd(Me). (0.21 mmol) was dissolved in 0.12 g
of TBP (0.7 mmol) and Se solution was 0.0168 g of Se (0.21
mmol) in 0.13 g of TBP (0.76 mmol). All solutions were kept
in a refrigerator at —30 °C.

Growth Solution for Rods. The growth solution for rods
contained TOPO and phosphonic acid. The amounts used were
4 g of TOPO (10.3 mmol) with 8% HPA (by weight, 20% by
mol), or 13% TDPA (by weight, 20% by mol).

Stock Solution for Shell Growth. ZnS shell stock solution
was prepared by mixing 4 mL of TOP, (TMS),S solution ,and
1 M Zn(Et); hexane solution with molar ratio 2:1. The amount
of (TMS),S depends on the required shell thickness and on
the initial mole amount of the core.

Mokari and Banin

Synthesis of CdSe Nanorods. Two methods were used
to prepare CdSe rods, as reported in earlier work.?6?7 Briefly,
4 g of TOPO and 0.32 g (20% by mole) of HPA or 0.52 g (20%
by mole) of TDPA were heated in a three-necked flask on a
Schlenk line under Ar atmosphere to a temperature of 360 °C
with vigorous stirring.

In method A, utilizing a single stock solution that was
mentioned in method A in the Stock Solution of CdSe Rod
section,? 2 g of cold stock solution was rapidly injected and
the solution was cooled to 290 °C. Further growth began two
minutes after the first injection, by dropwise addition of
required amount (depending on the required size) of CdSe
stock solution (using a Cd/Se molar ratio of 1:1) at an
approximate rate of 0.25 mL/min followed by 30 min. of
annealing.

In method B for synthesizing CdSe rods, utilizing two-stock
solutions,?” the Cd stock solution was added dropwise at 360
°C and one minute later the Se stock solution was injected
rapidly and the solution was cooled to 290 °C. After 20 min
rods can be grown further by adding Cd growth solution,
followed by addition of the Se growth solution 2 min later (the
molar ratio Cd/Se is 1:1), repeating such injections for achiev-
ing the required length after a waiting time of 40 min. The
reaction was stopped 30 min after the last injection. Growth
was monitored by taking the absorption spectra of aliquots
extracted from the reaction solution. Upon reaching the desired
rod size, the reaction mixture was allowed to cool to room
temperature.

The size distribution of the rods was measured from TEM
images by measuring at least 200 particles and fitting the
length and diameter histograms to a Gaussian distribution.
In a typical reaction the size distribution was on the order of
+10% for the diameters and +15% for the lengths.

Shell Growth. CdSe nanorods (0.1—0.4 umol) were used
for growing ZnS shells. In a typical preparation 2 g of rod
sample without separation and 1 g of hexadecylamine (HDA)
were heated in a three-necked flask to 120 °C for 20 min under
Ar flow on a Schlenk line. The rods concentrations were
calculated from the optical densities of the solutions. The molar
extinction coefficient for each size was determined by a set of
measurements of optical density, for quantitatively diluted
solutions of rods of measured weight. For this, the rods were
re-precipitated by methanol to remove excess TOPO from their
powders. Three to four repetitions of this kind of measurement
were carried out for each size to reduce the error. The molar
weight for each rod sample was calculated using the radius
and length of the rods (as determined by TEM), assuming a
cylindrical shape. We summed the mass of the CdSe units and
of the TOPO ligands on the rod surface assuming that half of
the surface atoms are bound to TOPO.?82° We estimated the
uncertainty in this procedure for determining rod concentra-
tion to be about £25%.

In the next step, the nanocrystal solution was heated to 190
°C and the shell precursor solution was introduced into the
hot solution by dropwise addition. The growth of core/shell
nanorods was monitored by UV—Vis and photoluminescence
(PL) spectroscopy of aliquots taken from the reaction flask.
After growing the desired shell thickness, as calculated from
the amount of rods and the lattice spacing of the (111) ZnS
planes, assuming 100% yield for shell growth, the reaction
mixture was cooled to room temperature. On the basis of this
calculation, shell thickness is reported in monolayers (ML),
where 1 ML is equal to the dii; lattice spacing of the shell
material (di1; = 3.1 A for ZnS).

Characterization. UV—Vis absorption spectra were mea-
sured using a Shimadzu UV1601. Nanocrystals were dissolved
in toluene for the measurement. Photoluminescence (PL)
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Figure 1. (a) Evolution of absorption (solid lines), and
photoluminescence (dashed lines) during shell growth. (b) QY
as a function of the shell thickness. (c) Increase of the QY
during the shell growth, along with nominal shell thickness
(ST) in monolayers corresponding to the traces shown in (a).
The core rod size was 22 x 4 nm.

experiments were performed using 473 or 532 nm for excita-
tion. The emission was collected at a right angle configuration
and detected by a spectrometer/CCD setup. Room-temperature
fluorescence quantum yields (QYs) of the nanocrystal toluene
solutions were determined by comparing the integrated emis-
sion with that of rodamine 6G dye methanol solutions with
equal optical density at the excitation wavelength. The QY
values were corrected for the differences in refractive index
between toluene and methanol.3°

Powder X-ray diffraction (XRD) patterns were measured on
a Philips PW 1830/40 X-ray diffractometer with Cu Ka
radiation. Approximately 10 mg of nanocrystals were dispersed
in a minimum volume of toluene. The nanocrystal solution was
deposited onto low scattering quartz plates, and the solvent
was evaporated under mild vacuum. Low-resolution transmis-
sion electron microscopy (TEM) images were obtained using
a Phillips Tecnai 12 microscope operated at 100 kV. High-
resolution TEM (HRTEM) images were obtained using a
Tecnai F20 electron microscope operated at 200 kV. Samples
for TEM were prepared by depositing a drop of a nanocrystal
solution in toluene onto a copper grid supporting a thin film
of amorphous carbon. The excess liquid was wicked away with
filter paper, and the grid was dried in air. Energy-dispersive
X-ray spectroscopy (EDS) analyses were conducted on a JEOL-
JAX 8600 Superprobe. Samples were washed thoroughly with
methanol, and the powder was deposited on a graphite
substrate.

Results and Discussion

Synthesis Method. In the first step of the prepara-
tion of core/shell nanorods the desired rods were grown
according to the published methods.126:27 |nitially, we
tried to separate the rods from the growth solution by
adding toluene and precipitating them by methanol,
followed by centrifugation to extract the rods. After
drying, the rods were redissolved again in TOPO and
we grew a shell on the separated rods at 190 °C. In this
approach, dissolution of the rods occurred and their
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Figure 2. TEM images of rod and core/shell nanorod samples.
(a) Rods 22 x 4 nm. (b—c) Core/shell nanorod samples that
were grown from rods shown in (a), with shell thicknesses of
1.7 and 3.5 monolayers (ML), respectively. Dots can be seen
in both samples. (d) The sample shown in (c) after separation.
The dots were removed.

morphology was not preserved, as seen from a blue shift
and significant broadening of the absorption spectra. To
alleviate this problem, CdSe rods were prepared and
then cooled to room temperature, and without separa-
tion we continued to the next step constituting ZnS shell
growth. In this case, excess unreacted precursors from
the first step are present in the solution thereby
suppressing rod dissolution, and the rod architecture
can be maintained throughout the core/shell nanorod
growth.

For core/shell nanorod synthesis, following the ap-
proach used by Weller and co-workers for spherical core/
shell nanocrystals,?® hexadecylamine (HDA, 45 wt %)
was used in the growth solution. The amine is critical
in order to get high QY. Prior to shell growth the rod
solution was annealed at 120 °C for 20 min to allow for
surface exchange from TOPO to the amine to take place.
Then the temperature was raised to 190 °C for shell
growth. The ZnS stock solution was added dropwise to
prevent nucleation of ZnS dots. In some cases we still
observed nucleation of ZnS dots but these could be easily
separated after cooling by use of size-selective precipita-
tion, as detailed below. The optimal ratio found for Zn:S
was 1:2. Ratios of 1:1 or 2:1 (excess of Zn) were also
attempted but resulted in lower QY.

Optical and Structural Characterization of Core/
Shell Nanorods. Shell growth was monitored by
measuring absorption and PL of aliquots extracted
during the synthesis. Typical results for growth of a
shell on rods, 22 x 4 nm (length x diameter), are
presented in Figure la. Trace | corresponds to the core
rods before adding HDA where the initial QY is 3%.
After adding HDA the QY increased to ~12%. Upon
adding ZnS shell precursor stock solution, there is a
considerable increase in the QY, as can be seen for
traces I1—1V. Trace IV represents the point of maximal
QY achieved for a shell thickness of slightly less than 2
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Table 1. Summary of Data for Core/Shell Nanorod Samples

rods size PL wave-length maximum QY after
(length x diameter) shell thickness in maximum QY QY separation
sample (nm) (ML) (nm) (%) (%)
A 11 x 3 2.3 580 40 34
B 15 x 3.8 2 614 28 19
C 22 x4 1.7 614 28 18
D 29 x 3.7 1.9 613 27 16
E 20 x 5.5 1 630 18 11
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Figure 3. Size distribution of length (right frames) and

diameter (left frames) of (A) rods 22 x 4 nm, (B) core/shell

nanorods (ST 1.7 ML), and (C) core/shell nanorods (ST 3.5 ML)

shown in Figure 2a—c, respectively.

ML, and reaching a level of 28%, reflecting an order of
magnitude increase compared with the original rods
without the use of photochemical annealing. Further
shell growth leads to gradual reduction in the QY as
can be see in Figure 1b showing the dependence of QY
on nominal shell thickness. A similar trend was ob-
served in all the samples that were measured. Such
behavior was observed also previously for spherical core/
shell nanocrystals and is most likely attributed to the
large lattice mismatch, ~11%, between core (CdSe) and
shell (ZnS) materials. While in a thin shell the strain
is accommodated, further shell growth leads to defect
formation that can lead to creation of traps. Upon shell
growth the peak position of the PL shifts slightly to the
red from 604 to 617 nm in the 2 ML shell thickness
providing maximal yield (Figure 1a, trace 1V). The
feature on the high energy side of the emission in Figure
la appears only for unseparated solutions and in the
final product after separation is fully suppressed. It's
possible assignment is to spherical dots.

The core/shell nanorod samples were characterized
using TEM. Figure 2 presents the original rods (frame
a), and frames b and c¢ show core/shell nanorods with
shell thicknesses of 1.7 and 3.5 ML, respectively. Dots
are also resolved in both images, assigned to ZnS or
alloy dot nucleation taking place upon addition of the
shell precursors. These dots can be removed by size-
selective precipitation. Following cooling, the core/shell
nanorods are dissolved in toluene to which a small
amount of methanol is added to precipitate the rods out
of the growth solution. Rods, with much larger volume
compared to the dots, precipitate first due to the
increased Van der Walls interaction. The precipitate is
separated by centrifugation and contains the rods, while

Snm

Figure 4. HRTEM images of (a) rod (14.8 x 3.4 nm), and (b)
core/shell nanorod (15 x 3.7 nm).

the dots remain in solution. Figure 2d shows the core/
shell nanorod sample after such separation was carried
out.

The TEM images clearly show that our method
preserves the rod architecture during shell growth.
Furthermore, statistical analysis of the size distribution
provides information on the increase of dimensions in
both rod diameter and length upon shell growth. This
analysis is summarized in Figure 3 showing the diam-
eter and the length histograms for the original rods
(Figure 3a, average size 22 x 4 nm), for the core/shell
nanorod sample with shell thickness of 1.7 ML (Figure
3b, average size 24.3 x 4.2 nm), and for core/shell
nanorods with shell thickness of 3.5 ML (Figure 3c,
average size 24.5 x 4.9 nm). Although in this particular
sample it appears that there is at first a somewhat more
pronounced elongation of the rods, followed by thicken-
ing, analysis of other sizes did not reveal such an effect.
For example, for sample B in Table 1, the core dimen-
sions were 15 x 3.8 nm, and core/shell rods had
dimensions of 15.5 x 4.5 nm, whereas sample D in Table
1 had a core of dimensions 29 x 3.7 nm, and core/shell
rods of dimensions 31.2 x 4.7 nm.

Further characterization of the structure of core/shell
nanorods was carried out by performing HRTEM mea-
surements. Figure 4a presents an image of a rod, 14.8
x 3.4 nm, displaying cross fringes. The lattice spacing
along the long axis is 3.6 A, in agreement with the 001
lattice spacing of wurtzite CdSe. Image 4b shows a core/
shell nanorod with size 15 x 3.7 nm and also here, cross
fringes can be observed.

Figure 5 shows a powder XRD pattern for the rods
(trace a), which agrees with the pattern of wurtzite
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Figure 5. XRD patterns of (a) CdSe rods with size 22 x 4
nm and ZnS overcoated samples with coverage (b) 1.7 ML, (c)
3.5 ML. The lines show the peak positions for bulk wurtzite
CdSe (bottom) and ZnS (top).
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Figure 6. Absorption (solid lines) and PL (dashed lines)
spectra of core/shell nanorod samples starting from rods of
different sizes: (A) 11 x 3 nm, (original rod size), ST = 2.3
ML; (B) 15 x 3.8 nm, ST = 2 ML; (C) 22 x 4 nm, ST = 1.7
ML; (D) 29x 3.7 nm, ST = 1.9 ML; and (E) 20 x 5.5 nm, ST
=1 ML.

CdSe (bottom stick spectrum). In particular, the 002
peak is significantly narrowed compared with the other
peaks, indicating that growth occurs along the 001
direction. Traces b and ¢ show the XRD patterns for
core/shell nanorods with 1.7 and 3.5 ML, respectively.
Although the basic pattern is maintained upon shell
growth, we observe a gradual shift of the peaks toward
larger angles with the 002 peak shifting by 1.2% and
2% for 1.7 and 3.5 ML, respectively, and the 103 peak
shifting by 1.1% and 1.5%, respectively. Such a shift is
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Figure 7. Photochemical stability of three rods (solid squares,
solid guide lines) and core/shell nanorods (open circles, dash—
dot guide lines) samples of different sizes: (a) rods (29 x 3.7
nm), core/shell nanorods (ST 1.9 ML); (b) rods (22 x 4 nm),
core/shell nanorods (ST 2 ML); and (c) rods (11 x 3 nm), core/
shell nanorods (ST 2.3 ML). QY:, QY at time t, over the QYo,
at zero time, is shown versus illumination time.

expected qualitatively due to the smaller lattice constant
of ZnS (bulk pattern represented by upper stick-
spectrum), compared with CdSe. This kind of effect was
seen previously in spherical core/shells and simulated.’®

EDS analysis for the 22 x 4 nm rods showed an equal
ratio of Cd:Se. In the core/shell nanorods with 3.5 ML
shell thickness we detected a ratio of 26:21.1:25.3:27.6%
for Cd/Se/zZn/S. The excess Cd and S (relative to Se and
Zn, respectively) indicates a growth of a thin buffer layer
of CdS before the ZnS shell grows as reported in ref 26.
Although we did not add Cd during shell growth, excess
Cd precursors from the stage of rod growth can react
with excess S supplied for shell growth.

Size Dependence of the Quantum Yield. Similar
synthesis strategy was used to grow core/shell nanorod
samples on rods with different diameters and lengths.
A summary of the results is presented in Table 1, and
Figure 6 shows the PL (dashed lines), and the absorp-
tion (solid lines) for these samples. The peak of the PL
is seen to depend primarily on diameter within the set
of samples studied here, with sample A of diameter 3
nm peaking at 580 nm, samples B—D with diameter
~3.8 nm peaking at 614 nm, and sample E with
diameter 5.5 nm peaking at 630 nm. As the length in
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all the studied rods is larger than the Bohr radius of
bulk CdSe (5.6 nm), the length axis is weakly confined
leading to a small dependence of the band gap upon
length change as was observed in studies on the
dependence of the optical and electronic properties of
CdSe rods on dimensions.6~8 Spectral coverage is still
enabled by primarily diameter control, but it should be
noted that it is difficult to prepare rods with small
diameters for coverage of bluer colors.

A notable, mostly diameter-dependent trend, is ob-
served from the data presented in Table 1. The maximal
QY achieved in the core/shell nanorod samples during
growth is found to mostly depend on diameter in the
length regime studied here (11—~30 nm). The highest
yield is achieved for sample A (40%) with the smallest
diameter; the QY is reduced for samples B—D (28%),
and further reduced in sample E (18%), which has the
largest diameter. Within the three samples B—D, with
similar diameters, the change in length from 15 to 29
nm does not significantly affect the QY. This behavior
may also reflect dominance of the strongly confined axis
for determining the QY. With this size-dependent study
we demonstrated that we could cover a range of wave-
lengths with QRs that exhibit a high QY.

Stability of Core/Shell Nanorod Samples. Aside
from the increased QY, an additional stringent require-
ment from fluorescent nanocrystal samples is that of
increased stability against photodegradation. The in-
creased stability of spherical core/shell nanocrystals over
conventional organic dyes was recently used in fluores-
cence marking allowing the investigation of the process
of cell division.3! We studied the issue of photostability
of core/shell nanorod samples by illuminating solutions
of core rods and core/shell nanorods with intense 514.5
nm light from an Ar laser at ambient conditions (room
temperature, oxygen). The samples, with an optical

(31) Dubertret, B.; Skourides, P.; Norris, D. J.; Noireaux, V.;
Brivanlou, A. H.; Libchaber, A. Science 2002, 298, 1759.
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density of 0.2, were illuminated at an intensity of 110
mw. In these conditions, the rate of absorption was
estimated to be ~7 x 108 photons/hour for each rod. The
results are summarized in Figure 7 for three samples
showing the decay in fluorescence intensity of rods
versus that of core/shell nanorods. In the case of rods,
a dramatic reduction in QY takes place within a time
scale dependent upon rod-diameter where rods of small
diameters show faster decay. All the rod samples
without the shell, were seen to precipitate out of solution
under these conditions and this was an irreversible
process. At the same time, core/shell nanorods solutions
were unaffected by the irradiation process across the
entire measurement period of 10 h showing remarkable
improvement in photostability. It is important to note
that this kind of stability was observed only for samples
that already had initial high QY (higher than ~15%).
For samples with low initial QY, we observed an
increase in QY with illumination, most likely related
to photochemical annealing as reported in ref 26.

Conclusions

CdSe/znS core/shell nanorods were synthesized and
characterized. QY of up to 40% were obtained for core/
shell nanorods before separation from the growth solu-
tion, and up to 34% after separation. There is a
correlation between the diameter of core/shell nanorod
samples and the QY, as QY is increased in small
diameters. The photostability of core/shell nanorods is
significantly improved compared with the stability of
rods coated by organic ligands.
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