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Hybrid metal-semiconductor nanoparticles have attracted
much attention recently. Metal tips on semiconductor nano-
rods can serve as anchor points for electrical connections
and for self-assembly of complex structures.1,2 Moreover,
charge separation at the metal-semiconductor interface can
be applied in photocatalytic processes.3-5 Semiconductor/
metal hybrid nanostructures have been synthesized from
diverse combinations such as PbSe/Au,Ag or Pd,6 CdSe/Au,
CdS/Au,7 TiO2/Au,3 CdSe/Co,8 InAs/Au,9 and TiO2/Co.10

For Au growth on CdSe nanorods, both two-sided and one-
sided growth is possible. An electrochemical Ostwald
ripening mechanism11 was invoked to explain the transition
from two to one-sided growth in these systems, where at a
critical gold dot size, the small and less stable tip is oxidized
and dissolved while the larger gold tip grows.12 Here, we
study the growth of Au on semiconductor rod heterostruc-
tures, more specifically on CdSe seeded CdS rods.13-15

These high-quality nanorod heterostructures exhibit excellent
optical properties that can be adjusted more controllably

compared with one component systems.16-18 Surprisingly,
Au growth is selective to the position of the CdSe seed, and
not to the CdS rod apexes or to defect sites as observed for
simple CdS nanorods.7 This behavior is assigned to an
electrochemical Ostwald ripening process noted above, where
the seed is a sink for electrons, thereby promoting Au growth
in that region. This provides further evidence for the
localization of the electrons in the seed region, consistent
with recent scanning tunneling spectroscopy studies on these
structures,19 and unlike previous conjectures from elegant
optical experiments. Additionally, the selectively located
large gold dot on the rod may serve several purposes such
as a seed for growth of other semiconductor structures20 and
an anchor point for self-assembly2 and is of potential
relevance for photocatalysis.5

The seeded growth approach of Manna et al. to synthesize
CdSe seeded CdS rods was used.15 Briefly, a precursor
solution with CdSe dots as seeds and the sulfur precursor is
rapidly injected into a solution of the cadmium precursor
dissolved in a mixture of TOPO (n-trioctylphosphinoxide),
TOP (n-trioctylphosphine) and phosphonic acids at 350-365
°C. After separation from the growth solution, subsequent
gold growth is performed via a low-temperature reduction
of AuCl3 dissolved in toluene together with the seeded
nanorods, DDA (dodecylamine) and DDAB (dodecyldim-
ethylammonium bromide). Further details on the synthetic
conditions are given in the Supporting Information.

Figure 1 shows transmission electron microscopy (TEM),
high-resolution TEM (HRTEM), and high-angle annular dark
field-scanning TEM (HAADF-STEM) images of the seeded
nanorods before and after gold growth. The image of the
CdSe seeded rods without gold (Figure 1a) shows that they
are uniform in size (44 ( 8 nm long, 4.9 ( 0.7 nm wide).
Figure 1c shows the same CdSe seeded nanorods with gold
dots grown onto them identified clearly by the dark contrast.
On most of the rods (78%), one large gold dot can be
distinguished. The HAADF-STEM image of the same sample
(Figure 1d) shows a much higher bright contrast for the gold
than for the rest of the rod because of the z-contrast provided
by this imaging method; the dominance of rods with a large
gold dot is also obvious here. In few cases a significantly
larger spot is not observed, whereas two larger spots on one
rod were never observed. Remarkably, we find that the
position of the larger gold spot is not distributed randomly
on the rod. More precisely, the larger spot can neither be
found on the end of the rod nor at the center of the rod.
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This effect is visualized in Figure 2a, where a histogram of
the normalized position of the larger gold dot with respect
to the rod length is presented. Although a random distribution
should give a constant count rate between 0 and 0.5, we
observe a clear maximum at 0.25 ( 0.03.

The gold growth on seeded rods with different dimensions
was also studied. Long rods (images g and h Figure 1, 108
nm long, 4.6 nm wide) and shorter thicker rods (images e
and f in Figure 1, 28 nm long, 8 nm wide) were used as
templates for Au growth. The long rods, with a thin CdS
shell, also show very clearly located preferential Au growth.
The rods with the thick CdS shell, however, show dominance

of growth of small Au spots, distributed on the rod surface,
which resemble previous observation of growth on surface
defects in CdS rods.7

Further characterization was provided by the HR-TEM
image (Figure 3) showing that both the rod and the big gold
dot are crystalline. The rod grows along the c-axis of CdS
hcp (perpendicular to the (002) planes) and the gold growth
is in the fcc structure. The d spacings measured from the
HR-TEM in Figure 3 match very well with the corresponding
bulk values for the (002) planes of hcp CdS and the (111)
planes of fcc Au. Figure 2b shows an elemental analysis of
a single rod with one large gold dot, along the line scan
indicated in the image. The correlation of the maximum in
Se content and gold content, both at the position of the large
gold dot, provide strong proof for its location at the CdSe
seed position. This position for the Au growth onto the CdSe
seed is consistent with the earlier study of Manna et al., who
found an average seed position between 1/4 to 1/3 of the
rod length, in good agreement with our value of 0.25 ( 0.03
for the seed position (in medium sized rods). Moreover, the
standard deviation in the normalized seed position is remark-
ably low demonstrating the high uniformity of the seeded

Figure 1. (a) CdSe seeded CdS nanorods (44 × 4.9 nm); (b) HR-TEM image of the rods with gold grown onto them; (c) image of medium-sized rods (44
× 4.9 nm) with gold growth; (d) HAADF-STEM image of the sample shown in c; (e) image of short thick rods (28 × 8 nm) with gold grown onto them;
(f) HAADF-STEM image of the sample shown in e; (g) image of long thin rods (108 × 4.6 nm) with gold grown onto them; (h) HAADF-STEM image of
the sample shown in g; the sizebar is 20 nm in all cases except b, where the bar is 10 nm.

Figure 2. (a) Histogram of the seed position relative to the length of the
rod; (b) elemental analysis (EDS line scan, 1.5 nm step size) of a single
nanorod with a big gold dot.

Figure 3. HR-TEM analysis of a single nanorod.The d spacings measured
are 0.241 nm for Au (111) (literature value 0.236 nm) and 0.341 nm for
CdS (002) (literature value 0.335 nm).
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rods, not only in terms of dimensions but also in terms of
seed location.

The optical spectroscopy performed on the structures (see
Figure S1 in the Supporting Information) shows that the
initially strong band gap fluorescence originating from the
CdSe seeds is completely quenched upon gold growth. This
is consistent with the close contact of the gold to the CdSe
seed leading to fast transfer of photogenerated electrons to
the Au followed by nonradiative decay.

We next consider possible mechanisms for the selectivity
of gold growth at the seed position. Figure 4 shows a
schematic drawing of the CdSe seeded CdS nanorods and
the corresponding potential scheme for the valence and the
conduction bands. In the CdSe seed region, there is a
potential minimum for both the electron and the hole (type
I band-alignment). Therefore, in the excited state of the
nanocrystal, both charge carriers will be localized in the CdSe
core (even so the electron will show a stronger delocalization
due to its lower effective mass).19 Hence a photochemical
mechanism may be one of the possible options to explain
the findings, where an electron in the conduction band
generated through photon absorption, takes part in the
reduction of the gold. Recently, Dukovic et al. reported
photochemical growth of Pt on the heterostructure yielding
selective growth at the seed region.21

In the present case, Au growth experiments carried out in
darkness showed similar behavior and therefore a different
growth mechanism needs to be invoked. An additional pos-
sibility is that due to the lattice mismatch between CdSe and
CdS, the seed region exhibits higher crystal strain and therefore
most likely contains more surface defects than the rest of the
rod. These crystallographic defects can serve as sites for gold
nucleation. However, this effect does not seem to be the
dominant one, since ZnSe seeded CdS nanorods22 do not show
any preferential growth location, even though the seed region
is shown to be more defective than in the case of CdSe seeded
rods (see Figure S2 in the Supporting Information).

We next consider an electrochemical ripening mechanism
as schematically shown in Figure 4. Here, gold initially grows
on surface sites but at a critical size, fluctuations lead to the

ripening effect where gold from a small dot dissolves in an
equilibrium reaction through oxidation from the nanorod. The
electrons of this oxidation reaction remain on the nanorod
and will have a maximum of their probability of presence
in the region of the CdSe because of the potential minimum.
Hence the electrons located at the seed position can induce
preferential reduction of gold, resulting in faster gold growth
at this position. The Au3+, which is reduced at the seed
location, originates from excessive precursor in the solution
and only in small parts from the small gold dots; indeed, at
lower gold precursor concentration much less preferential
growth can be identified. It should be noted, however, that
even though the gold growth is clearly preferential to the
CdSe seed position, there are still smaller gold dots located
over the rod at long times (Figures S3-S7 in the Supporting
Information).

To further investigate the mechanism, we followed kinetics
of the growth by TEM analysis (Figure S3-S7 in the
Supporting Information). At early times (1min), small Au
dots are dominant. The large Au dot is seen to develop and
grow in increasing percentage of the rods with time. The
average number of small gold dots is somewhat smaller at
all times for the rods with large gold dot compared with rods
without such a large dot (e.g., after 10 min, 15 versus 12,
respectively. See Table S1 and Histogram S3 in the Sup-
porting Information). This is the expected trend from ripening
but the reaction conditions are such that excess gold is present
in solution which usually suppresses complete ripening.
Moreover, the small Au dots at other locations may be
strongly bound to the rod defect sites and not easily
completely removed.

This mechanism also explains the observation that the
effect of located growth becomes less dominant for rods with
a thicker CdS shell (images e and f in Figure 1)). The
electrochemical ripening mechanism will not be as effective
with a thicker CdS shell, because the CdS shell is a potential
barrier for the electron located in the CdSe seed and therefore
reduces the amplitude of the electron wave function at the
surface exponentially with increasing shell thickness.

Summarizing, we have demonstrated the localized growth
of gold dots onto CdSe seeded CdS nanorods. The position
of preferential gold growth correlates with the location of
the CdSe seed. This phenomenon also allows determining
that the position of the seed in the seeded rods is very well
defined, at 1/4 of the rod length. An electrochemical Ostwald
ripening mechanism is invoked to explain the findings.
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Figure 4. Scheme and potential diagram for the CdSe seeded CdS rods,
along with a schematic of the electrochemical ripening mechanism for gold
growth.
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