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Synthetic chemistry of colloidal semiconductor nanocrystals
(quantum dots) has attracted substantial interest in recent
years. A key concept for formation of nearly monodisperse
nanocrystals, namely focusing of size distribution,[1] was
discovered upon studying the growth of high-quality CdSe
quantum dots. This concept implies that if all nuclei are
formed in the beginning and stop growing promptly, as
triggered by a decrease in monomer concentration or lower
reaction temperature, the subsequent growth process will
focus the size distribution of the nanocrystals. This is so
because the smaller nanocrystals should grow faster by
consuming the residual dissolved monomer if the monomer
concentration is higher than the solubility of all nanocrystals
in the solution. The key feature of this method is the constant
particle concentration during particle growth. Computer
simulations revealed that the size distribution of nanocrystals
could also be focused through Ostwald ripening, but the final
size distribution would still be quite broad.[2] Herein, we
demonstrate that InAs nanocrystals with well-controlled size
and size distribution can be formed by a special ripening
process, called self-focusing of size distribution (in short, self-
focusing).[3,4] Different from traditional focusing of size
distribution, the particle concentration decreases drastically
in the growth process, and the monomers are driven from
small nanocrystals to larger ones by interparticle diffusion,
owing to solubility gradients between neighboring nano-
particles.[3] An additional feature is that the temperature for
self-focusing is much higher than the nucleation temperature.
To our knowledge, this is the first time that interparticle
diffusion and self-focusing have been purposely employed for
the controlled synthesis of nanocrystals.

High-quality InAs nanocrystals are likely the best candi-
dates for quantum-dot emitters in the near infrared (NIR)
window (700–1400 nm) among II–VI, III–V, and IV–VI
semiconductor nanocrystals[5] if Class A elements, such as
Cd, Hg, and Pb, are excluded. NIR emitters are important for
both in vivo biomedical imaging[5–11] and telecommunica-
tions.[12] Because of the extreme sensitivity of InAs nano-

crystals to air oxidation and the large exciton size, such NIR
emitters should be epitaxially coated with other types of wide-
band-gap semiconductors. Given the narrow bulk band gap of
InAs (ca. 0.4 eV), core nanocrystals of this material for
building core–shell nanocrystals that emit in NIR range
should be smaller than roughly 3 nm.

Experimental details are provided as Supporting Infor-
mation; a brief procedure is as follows. A mixture of indium
stearate (0.4 mm), trioctylphosphine (0.5 mL), and octade-
cene (ODE, 3.5 mL) was heated to 150 8C under an argon
flow. As(Si(CH3)3)3 solution made in the glove box (ca.
0.1 mmol) was introduced into the reaction solution, and the
reaction was held at 150 8C for a couple of minutes to convert
all arsenic precursors to InAs nanoclusters. Subsequently, the
reaction solution was heated to a desired temperature (up to
300 8C) for the growth of InAs nanocrystals with different
sizes.

Synthesis of III–V quantum dots has been a challenging
task,[1,5, 12,13–21] and their development lags substantially
behind that of their II–VI and IV–VI analogues.[22] The
synthetic procedure described above was developed after our
failed efforts to extend the recently developed synthetic
scheme for InP nanocrystals[23] to InAs. Comparing InAs
quantum dots with those made of InP, initial efforts revealed
that the more reactive precursor (As(Si(CH3)3)3 vs. P(Si-
(CH3)3)3) always generated small nanoclusters (less than
1 nm) with a fixed spectrum using the same synthetic scheme
as for InP (see the Supporting Information, Figure 1S).
Elimination of the activation reagent (fatty amine) and
addition of free fatty acids as inhibitors[22] still yielded
magic-sized nanoclusters with two distinguishable and persis-
tent absorption peaks[24] at 420 and 460 nm (the first spectrum
in all plots in the left panel of Figure 1). Interestingly, the
particle concentration was found to decrease by adding free
fatty acid to the reaction system. When the fatty acid
concentration was high, some grayish deposition (likely
arsenic metal) on the dry part of the reaction flask was
observed. Similarly, at high reaction temperatures, the
intensity of the two peaks at 420 and 460 nm decreased as
the reaction temperature increased. Furthermore, the particle
concentration did not increase by using excess indium
stearate.

Because of the high reactivity of the arsenic precursor,
almost immediately after the reaction started, all molecular
arsenic species would be consumed by either forming InAs
nanoclusters or being decomposed (decomposition was
accelerated by the presence of fatty acids and by high
temperature). The direct consequence of this conclusion is
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that, without residual monomer after the nucleation process,
continuous growth of InAs nanocrystals through the incor-
poration of dissolved monomer would not be possible. This
situation automatically excluded the possibility to apply the
commonly used focusing of size distribution technique[1] for
this system.

However, this reaction system seemed to be suited for
applying the newly discovered self-focusing of size distribu-
tion through interparticle diffusion.[3,4] The high particle
concentration in solution (see below) should enable the
needed overlap of the diffusion spheres of adjacent particles.
As a result, a solubility gradient between adjacent nano-
crystals should drive monomers close to the surface of a small
nanocrystal or nanocluster to a larger one within the over-
lapped diffusion spheres. If this mechanism is at work, the
complete dissolution of small particles and relative slow
growth of large ones (owing to the cubic dependence of the
volume of a crystal on its diameter) should result in a nearly
monodisperse ensemble. As pointed out previously,[3,4] the
rapid dissolution of the small particles is the key to complete
dissolution of these sacrificial particles within the reaction
timeframe, to avoid a log-normal size distribution for a typical
Ostwald ripening process. The extremely small sizes of the
nanoclusters and nanocrystals in this systemmean that a large
solubility gradient can easily be realized, owing to the
exponential increase of the particles> solubility according to
the Gibbs–Thompson equation.[25] Although the persistent
peaks indicate that magic-sized nanoclusters are the main
component in the solution, the broad absorption spectra of
the initial solutions (Figure 1) imply that there was a size
distribution around the magic-sized particles.

For the reactions discussed below, the InAs nanoclusters
were formed by adding As(Si(CH3)3)3 precursor into the
reaction system at 150 8C. A lower temperature, for example
70 8C, would result in slower formation of the InAs nano-
clusters without substantially affecting the subsequent self-
focusing. After the absorbance at the peak positions of the
nanoclusters reached a constant value, the reaction system
was heated up to a designated self-focusing temperature (Tsf).
As shown in Figure 1 (left), upon heating the nanoclusters
became unstable, and the relatively large InAs nanocrystals

grew, as judged by the temporal evolution of the absorption
spectrum for each case. The rate of disappearance of the
absorption peaks at 420 and 460 nm from the initial InAs
nanoclusters was found to depend strongly on Tsf. The initial
nanoclusters disappeared completely upon heating at a Tsf
higher than 180 8C and partially for Tsf in the range 130–180 8C
(Figure 1). When Tsf was lower than 120 8C, neither dissolu-
tion of the initial nanoclusters nor formation of large InAs
nanocrystals was observed.

The well-resolved spectral features in the resulting nano-
crystals imply a focused size distribution, which is consistent
with the transmission electron microscopy (TEM) observa-
tions for the larger InAs nanocrystals (Figure 1, right panel).
The final size of the InAs nanocrystals obtained by self-
focusing was found to be determined by the Tsf (Figure 1, left
and middle panel).

The self-focusing nature of nanocrystal growth shown in
Figure 1 was verified by quantitative analysis. For two differ-
ent focusing temperatures, Figure 2 illustrates the temporal

evolution of the average size (left), particle concentration
(middle), and the yield of InAs molecular units in the form of
nanoclusters or nanocrystals (right). For clarity, the latter two
are plotted against the size of the particles. Upon rapid
growth of the nanocrystals (Figure 2, left), the particle
concentration decreased sharply (Figure 2, middle) with the
InAs unit yield in the form of nanoclusters or nanocrystals
being constant (Figure 2, right). For example, when Tsf=
300 8C, the initial particle concentration was 6.6 B 10�4 m,
and the InAs yield in molecular units was almost unity. The
final particle concentration decreased by 30 times from the
initial value (Figure 2, middle bottom), which is equivalent to
97% of the initial nanoclusters being completely dissolved.
These results are consistent with the features of self-focusing.
Furthermore, the average particle separation calculated for
the initial stage was only about 14 nm. Even without consid-
ering thermal motion of the particles, this distance is already
small in comparison to the size of the diffusion spheres, which
means that the required short distance for interparticle
diffusion was, indeed, realized.[3] The temperature depend-
ence of the final size of the nanocrystals (Figure 1, left and
middle panel) is probably caused by two factors. In general,
the diffusion rate is proportional to the temperature increase,

Figure 1. Left panel: Growth of InAs nanocrystals at different self-
focusing temperatures (Tsf). Right panel: Low-resolution and corre-
sponding high-resolution TEM images of InAs nanocrystals.

Figure 2. Temporal evolution of size, particle concentration, and InAs
yield for two reactions with different self-focusing temperatures.
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and a higher temperature should enhance the probability for
the close approach of the nanocrystals.

For the targeted emission colors, the InAs nanocrystals
should be in the size range of 1–3 nm to cover the desired NIR
emission window. These extremely small sizes, together with
the unstable nature of InAs nanocrystals, make these particles
unsuitable for direct imaging using TEM.[15] In fact, the size
determination of semiconductor nanocrystals smaller than
approximately 2 nm has been generally problematic. We
developed a method to solve this problem by growing high-
quality core–shell nanocrystals and analyzing the core–shell
structure using TEM and elemental analysis with atomic
absorption (AA). CdSe was chosen as the shell material for
two reasons: a perfect crystal lattice match[12] and different
composition in both cation and anion from InAs.

InAs/CdSe core–shell nanocrystals were grown at 180–
190 8C using a one-pot successive ionic layer adsorption and
reaction (SILAR) technique.[26] Upon shell growth, the size of
the nanocrystals increased (Figure 3, left panel), and the UV/
Vis and photoluminescence (PL) spectra of the resulting
core–shell nanocrystals shifted substantially towards red
(Figure 3d). Provided the small size of the core InAs nano-
crystals, this substantial red shift should be considered as solid
evidence of CdSe shell growth, as opposed to formation of an
alloy of the core and shell.[27] The PL quantum yield (QY) of
the core–shell nanocrystals was found to increase dramati-
cally from below 1% to as high as 90% (see the Supporting
Information, Figure 2S). The full width at half maximum of
the PL peak of the core–shell nanocrystal could be main-
tained at the value of the InAs core nanocrystals (about 70 nm
on average for the example in Figure 3d as opposed to over
120 nm reported for similar structures emitting at similar
wavelengths).[12] Moreover, the resulting core–shell nano-
crystals were found to be stable and emissive in air and in
aqueous solution after surface-ligand replacement with
hydrophilic thiols (see the Supporting Information, Fig-
ure 3S). High-resolution TEM (HRTEM) images and elec-
tron diffraction patterns (see the Supporting Information,
Figure 4S) revealed that the shells of the nanocrystals were
epitaxially grown in the zinc blende structure of the InAs

core. Although core–shell growth is not the main focus of this
work, it should be pointed out that the one-pot approach also
worked for the other types of core–shell nanocrystals, such as
InAs/InP and InAs/ZnSe (Figure 3 f).

The average size of the large and stable InAs/CdSe core–
shell nanocrystals was readily determined by TEM (Figure 3
and Figure 3S in the Supporting Information). Such core–
shell nanocrystals were subjected to digestion for elemental
analysis, which determined the atomic ratio between different
elements. Because CdSe was epitaxially grown onto the InAs
core nanocrystals and the two semiconductors have the same
lattice constants,[12] the volume ratio of the core and shell
should be equal to the Cd/In atomic ratio. Thus, the size of the
core could be readily obtained by assuming a spherical shape
for both core and core–shell nanocrystals. The table in
Figure 4 (top) summarizes the sizes of several representative
core–shell nanocrystals measured by TEM, the Cd/Se atomic
ratio, the Cd/In atomic ratio, and the core size calculated from
the TEM and atomic ratio results. The Cd/Se and In/As ratios
of the core–shell nanocrystals were both monitored to further
verify the purity of the CdSe shell, and both were very close to
the ideal 1:1 ratio (see Cd/Se ratios as examples). This finding
indicates that, after excluding alloy structures as discussed
above, the shell should be pure CdSe.

The sizes of InAs nanocrystals determined using the
method described above are plotted along with the literature
values.[1] Good agreement in the overlapping size range is
evident in Figure 4a. A numerical fitting of all data was
obtained.

The structural information discussed above was further
used for determining the molar extinction coefficient of the
InAs nanocrystals (per mole of particles, Figure 4b). The
sizing curve and the molar extinction coefficients shown in
Figure 4 were used for processing the experimental data in
Figure 2.

In summary, InAs nanocrystals for NIR emission were
synthesized through self-focusing of size distribution. The
new strategy introduced herein yielded nearly monodisperse
InAs nanocrystals with different sizes in quantitative yield by

Figure 3. Characterization of InAs-based core–shell nanocrystals. a–
c) TEM images of InAS/CdSe nanocrystals. ML=monolayer. d) UV/Vis
absorption and photoluminescence spectra of nanocrystals with shells
of different thickness. e) Photoluminescence of different nanocrystals;
the emission can be tuned in the IR region. f) TEM images of InAs/
InP and InAs/ZnSe core–shell nanocrystals.

Figure 4. TEM and AA results for several InAs/CdSe core–shell sam-
ples (top). a) Size of InAs nanocrystals verses their first exitonic
absorption peak (* literature, ^ this work). b) The molar extinction
coefficient (e) of InAs nanocrystals. The solid lines in (a) and (b) are
numerical fittings.
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increasing the growth temperature, and the final size of the
resulting nanocrystals was controlled by the temperature. The
synthetic strategy was found to be suited for the one-pot
growth of core–shell nanocrystals with bright (up to 90% PL
QY), stable, and narrow photoluminescence in the optical
window desired for in vivo biomedical imaging and tele-
communications (700–1400 nm). Because the InAs nanocrys-
tals were grown under conditions close to the ripening
threshold, the surface of the nanocrystals could be better
controlled, which probably contributed to the formation of
nanocrystals with outstanding emission properties. The
extremely small sizes of the InAs nanocrystals were shown
to be measurable using a combined TEM–AA method and
InAs/CdSe core–shell nanocrystals.

Experimental Section
A typical synthetic reaction for synthesis of InAs core dots is provided
in the text. One-pot synthesis of core–shell QDs based on the InAs
core is provided as Supporting Information. Carbon-coated copper
grids were dipped in hexanes or toluene solutions with the nano-
crystals to deposit the nanocrystals onto the carbon film. The low-
resolution transmission electron microscopy (TEM) images were
taken on a JEOL 100CX transmission electron microscope with an
acceleration voltage of 100 kV. High-resolution TEM (HRTEM)
pictures were taken using a Taitan microscope with an acceleration
voltage of 300 KV. Absorption spectra were measured on a HP 8453
diode array spectrophotometer. Photoluminescence (PL) was mea-
sured on a Spex Fluorolog 3–111 using a PMT detector for spectra
between 400 and 850 nm and a liquid-nitrogen-cooled InGaAs
photodiode detector for emission in the NIR (700–1500 nm). PL
quantum yields (QYs) of the samples were determined using organic
dyes with known quantum yields as standards. Details for atomic
absorption (AA) measurements are provided in the Supporting
Information.
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