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Multicomponent nanoparticles are at the forefront of
research into nanomaterials.[1–5] The combination of a metal
and a semiconductor in the same nanoparticle is of particular
interest as the metal can provide an anchor point for electrical
and chemical connections to the functional semiconductor
part. This possibility was demonstrated recently by the growth
of gold tips on the apexes of CdSe nanorods to form nano-
dumbbells,[6] where at a high Au-to-rod concentration a
transition from two- to one-sided growth occurs.[7] Au was also
recently grown on lead chalcogenide nanoparticles, leading to
segregated portions of the metal and semiconductor.[8] Au has
been found to undergo surface diffusion between neighboring
wires at moderate temperatures on Si nanowires grown by a
vapor–liquid–solid method with Au as catalyst.[9, 10] Herein we
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report a completely different behavior in the room-temper-
ature reaction of Au with InAs nanoparticles. In this case, Au
diffuses into the InAs particles to give a Au core coated by an
amorphous shell.

The diffusion of metals into semiconductors has been
studied extensively for bulk materials[11,12] because this
process has significant relevance for the processing of
integrated electronic circuits. Indeed, solid-state diffusion,
which is typically carried out at high temperatures, is used
extensively in their fabrication. Low-temperature reactions
and diffusion have been detected for various metal–semi-
conductor pairs such as Au-Si and Au with binary semi-
conductors. Hiraki, for example, has found that low-temper-
ature reaction and diffusion of the metals generally occurs
when the semiconductor band-gap energy (Eg) is lower than
about 2.5 eVand the dielectric constant e> 8.[13] The diffusion
properties of the specific metal also determine the possibility
of room-temperature diffusion into the semiconductor.
Metals that show such room-temperature diffusion are
classified as “fast” diffusers,[14] and diffusion coefficient of
these metals is larger than the self-diffusion coefficient.

Fast diffusion in semiconductors covers a wide range of
different mechanisms. Among these, the interstitial-substitu-
tional mechanisms are of interest here. The most important
mechanisms that have been studied and proposed for fast
diffusers (impurities) incorporated in semiconductors are:[15]

1) host interstitial mediated diffusion, also known as the
“kick-out” mechanism,[16] in which atoms move rather rapidly
by a direct interstitial mechanism until they eventually
displace a lattice atom, and 2) the “Frank–Turnbull” mech-
anism,[16, 17] which initiates at a vacancy in the host. In this case
the impurity atom does not dislodge the lattice atom but
becomes trapped in a vacancy, thereby becoming almost
immobile. These mechanisms occur in numerous systems,
including metals in III–V semiconductors (that is, where III is
an element from Group III of the periodic table and V is an
element fromGroup V), diffusion of elements into silicon and
germanium, and probably also in II–VI compounds.

Diffusion into nanoparticles was recently used to form
hollow particles by taking advantage of the “Kirkendall
effect”,[18] in which pores form because of the difference in
diffusion rates between two components in a diffusion
couple.[19] Room-temperature diffusion is also involved in
ion-exchange reactions that lead to the transformation of
nanoparticle composition, for example, from CdSe to
Ag2Se.

[20] These recent examples show the richness of the
possible routes for performing chemistry in nanoparticles and
herein we provide another example concerning the diffusion
of gold into InAs nanocrystals at room temperature.

The diffusion coefficient can be expressed in an Arrhenius
form [Equation (1)] where D0 is the pre-exponential factor
and Ea is the activation energy.

D ¼ D0 e
ð�Ea=RTÞ ð1Þ

Typically, these values are measured at high temper-
ature[21] and therefore room-temperature values can be
obtained only by extrapolation. An estimate for the typical
diffusion distance with time is given by the root-mean-square

(RMS) distance (X), which is given by Equation (2).

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2DT
p

ð2Þ

The reaction of Au with InAs nanoparticles is similar to
our earlier synthesis of Au-CdSe nano-dumbbells.[6] It was
carried out at room temperature by adding an AuCl3 solution
to InAs dots dissolved in toluene. The gold solution contains
the gold salt, didodecyldimethylammonium bromide (DDAB,
to bring the Au salt into the organic solution), and dodecyl-
amine (DDA), which stabilizes the dots and serves as a
reducing agent (see Experimental Section for details).
Figure 1 shows TEM images of InAs dots after reaction

with Au. At a low concentration of Au (Figure 1A), Au
patches are formed on the InAs surface, as can be seen by the
dark spots. Upon doubling the Au concentration a completely
different behavior is seen: the Au diffuses to the center of the
nanoparticle and is coated with a shell with much lower
contrast in the TEM image. This behavior is in contrast to that
observed for the reaction of Au with CdSe nanoparticles,
where gold grows in patches on the surface (or on the apexes

Figure 1. TEM images of InAs nanocrystals after treatment with gold
in toluene solution as a function of increasing gold concentration:
A) after adding 2.75A10�6 mol of gold; B) after adding 5.5A10�6 mol
of gold. Reaction time: 2 min.
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of rods), and at high concentrations transforms into one patch
(or one side for rods) through a ripening process.

Optical and structural characterization of the Au-InAs
system was carried out by various methods. Figure 2A
presents the absorption spectra of the original InAs dots (7-
nm diameter) before and after their reaction with gold; note
that the excitonic peak of the InAs dots has been washed out.
Figure 2B shows the powder X-ray diffraction (XRD) pattern
acquired from the original 7-nm InAs dots before the Au
growth (Figure 2B, top), which agrees with the zincblende
structure of bulk crystalline InAs (peak positions are
represented by the upper stick-spectrum). The XRD pattern

of the Au-InAs composite (Figure 2B, bottom) is also shown.
In this pattern, we can identify three peaks attributed to Au,
with the (111) peak being especially strong. The fourth, broad
diffraction peak (marked by an arrow) can be attributed to
the (222) planes of zincblende-type In2O3 (see the stick
pattern at the bottom of Figure 2B). Thus, no evidence of the
presence of crystalline InAs appears in the XRD pattern of
the Au-InAs nanocomposite. By comparing the diffraction
results for InAs nanodots and the Au-InAs nanocomposite we
can therefore conclude that the latter material is less ordered.

The energy-dispersive X-ray spectrum of the Au-InAs
nanocomposite is shown in Figure 2C. In addition to the In
and the As from the original core, a Au peak appears for the
Au-InAs system. Quantification of this spectrum resulted in
an In/As/Au ratio of 0.89:0.83:1.

The Au-InAs nanocomposite was also studied by high-
resolution TEM (HRTEM) measurements (Figure 3). These
gave a lattice spacing in the dark core of 2.35 E, which agrees
with the (111) lattice spacing of Au. This Au lattice was
identified in the center of many particles. Studying the shell
proved difficult owing to the low contrast, which differs
significantly from the core. However, by focusing on the shell
of the composite particles we were able to find evidence for
an average lattice spacing of 2.95 E (10 particles), which may
indicate the presence of (111) planes of In2O3, as shown in
Figure 3B.

Figure 2. Optical and structural characterization of the Au-InAs nano-
composite: A) absorption spectra of 7-nm InAs dots before (solid line)
and after reaction with Au (dashed line); B) powder XRD patterns of
InAs (top) and Au-InAs (bottom) and the stick-patterns of bulk
InAs (top), gold, and In2O3; arrow indicates peak assigned to the (222)
planes of zincblende-type In2O3; C) EDS spectrum of the Au-InAs
nanocomposite.

Figure 3. Structural characterization of Au-InAs particles: A) HRTEM
image of two particles; the measured lattice spacing in the core is
2.35 G; B) HRTEM image of the particle taken by focusing on the shell;
the measured lattice spacing is 2.89 G. C) STEM-HAADF image of Z-
contrast observed in several particles. The intensity distribution across
a single particle (white line) is presented in the inset.
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To further study the structure of the Au-InAs nano-
composite, we used the scanning transmission electron
microscopy (STEM) technique with a high angular annular
dark-field detector (HAADF). The integrated intensity of the
signal is proportional to the average atomic number of the
sampled elements (Z-contrast imaging). Figure 3C shows an
STEM-HAADF image of the nanocomposite. A significant
contrast difference between the core and the shell, where the
bright core indicates the presence of the heavier Au
component, can be seen for the particles. This feature can
also be seen in the inset, which shows a cross-section of a
single particle taken along the marked line. A main peak is
observed with two weaker shoulders corresponding to the
shell.

The role of solid-state diffusion in the creation of the Au-
InAs particles was emphasized by performing a reaction in
the solid state. Thus, after adding 1 G 10�6 mol of Au solution
to the InAs solution (similar to the solution experiment), an
aliquot was taken and deposited on the TEM grid. The results
show a typical behavior for this specific concentration with
gold patches on the surface (Figure 4A). The same grid was
stored and examined again 48 h later, thereby allowing for
further reaction to proceed. The TEM image in Figure 4B
clearly shows that the gold has diffused inside to yield a result
very similar to that obtained in solution for a high Au
concentration.

This latter experiment resembles classical diffusion stud-
ies in bulk materials, where metal films are deposited on a
substrate and heated up and the diffusion is monitored by
measuring the metal concentration profile inside the bulk
material, although in the bulk these experiments are per-
formed at very high temperature.[11,15]

Our observations clearly show that Au diffuses into the
InAs dots. During this diffusion, the InAs loses its crystalline
order and becomes an amorphous shell (under inert con-
ditions), while In is converted into In2O3 in the oxidizing
environment. To examine the feasibility of such room-
temperature diffusion, we used Equation (1) to estimate the
diffusion coefficient (D) for Au in InAs at room temperature.
A value of about 3 G 10�14 m2 s�1 was obtained. From Equa-
tion (2) we calculated approximately that the RMS diffusion
distance, X, will be around 1000 nm in 24 h. This diffusion
behavior differs significantly from that observed in CdSe dots,
where Au forms patches on the surface that ripen to one patch
at high Au concentration. We could not determine D values
for Au in CdSe, but for the similar system of Au in CdS, D at
room temperature is much smaller, approximately 1 G
10�29 m2 s�1, and correspondingly X over 24 h is negligible
(approximately 2 G 10�5 nm). Much smaller values were also
calculated for the CdTe system. The main difference is the
much lower activation energy in the Au-InAs case (0.65 eV
versus 1.8 eV for Au in CdS and 2 eV for Au in CdTe).[21] The
diffusion of Au into InAs also agrees with the criteria for
room-temperature diffusion of fast diffusers as the InAs dots
have an energy gap of 1.1 eV and the dielectric constant is
high (14.2 for InAs).

The detailed diffusion behavior in this case can be
attributed to an interstitial-substitution mechanism.[16,17]

This diffusion process is indeed a typical solid-state reaction
and can also take place on the grid in the absence of solvent.
The gold atoms hop from the surface into the nanoparticles
through the interstitial sites of the InAs nanocrystal and
simultaneously substitute atoms of the InAs lattice. Free In
and As atoms simultaneously diffuse out and may be readily
oxidized in the absence of an inert atmosphere. Migrating
interstitial gold atoms distort the atomic lattice of the hosting
InAs nanocrystal because these atoms are still relatively large
for interstitial positions, even for the 6.058-E unit cell of InAs.
Therefore, the mass substitution of In atoms at high Au
concentrations results in the formation of an amorphous shell.

The diffusion process does not lead to a homogeneous
distribution of Au across the particle. Rather, Au is concen-
trated in the center of the nanoparticles. This arrangement is
probably due to the preferred strong interaction between the
Au atoms. The original InAs nanocrystals with a size of 7 nm
should be composed of roughly 20 atomic planes of the (111)
type (d-spacing of 3.498 E), which means that only 10 intera-
tomic jumps are required for a migrating gold atom to get to a
core position within the InAs particle. On the other hand, the
gold content in the Au-InAs nanocomposite reaches a level of
30% atomic concentration, which apparently determines the
minimum-energy geometry of the composite as a dense,
compact gold core (19 gcm�3; about 2 nm in size) surrounded
by an amorphous InAs shell instead of an amorphous particle
containing a mixture of Au, In, and As atoms with a density

Figure 4. TEM images of gold diffused inside InAs nanocrystals as a
function of time. 1A10�6 mol of gold was added and an aliquot was
deposited on the TEM grid and characterized after 2 h (A) and
48 h (B). The reaction time in solution was 2 min.
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close to 5.7 gcm�3, as for the InAs crystal, and a size larger
than that of the original InAs nanodots.

To summarize, the diffusion of gold into InAs semi-
conductor nanocrystals has been reported. The diffusion of
Au occurs either in solution or in a solid-state reaction. In the
first stage gold patches grow on the nanocrystal surface, and a
further increase in the gold concentration, or waiting for 24 h,
leads to gold diffusion into the nanocrystals. This behavior
differs from the CdSe case, where Au grows on the surface
and ripens to form one gold patch in high concentration. As a
result of the Au diffusion, the InAs is converted into an
amorphous InAs or oxidized shell. This process points to a
new strategy for metal doping in semiconductor nanoparti-
cles.[22]

Experimental Section
The InAs nanocrystals were prepared as reported elsewhere.[23,24]

In a typical reaction, a gold solution was prepared from AuCl3
(2.5 mg, 0.008 mmol), DDAB (20 mg, 0.04 mmol), and DDA (35 mg,
0.185 mmol) in toluene (4 mL) and sonicated for 5 min at room
temperature. The solution changed color from dark orange to light
yellow. InAs quantum dots (0.8 mg, 2.35 G 10�10 mol of dots) were
dissolved in toluene (5 mL) in a three-necked flask under argon and
the gold solution was added dropwise at room temperature. During
the addition, the color gradually changed to dark brown. Separation
of the Au-InAs product from the growth solution was performed by
adding of methanol (1 mL), which leads to precipitation, and
centrifuging for 5 min.

TEM images were obtained with a FEI Tecnai 12 microscope or a
FEI Tecnai F20G2 microscope operating at 200 kV. Energy-dispersive
X-ray spectroscopy (EDS) was carried out with a 5-kV acceleration
voltage on an HR SEM FEI Sirion equipped with an EDAX EDS
detector. Powder XRD patterns were measured with a Philips PW
1830/40 X-ray diffractometer with CuKa radiation. Absorption
measurements were taken with a Jasco UV-VIS-NIR spectropho-
tometer.
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