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olloidal quantum dots (QDs) exhibit unique size-

dependent optical and electrical properties due to
quantum confinement. However, the true benefit of such
unique quantum size effects depends on the ability to
synthesize QDs of a wide range of sizes with a narrow size
distribution at high reaction yield. One way to control size is by
the separation of nucleation and growth." A short “burst” of
nucleation results in a sudden drop of monomer concentration
below the critical level, thus terminating further nucleation.”™*
Slow growth of the nanocrystals then follows, with no separate
nucleus being formed, resulting in monodispersity.

More commonly, precursor reactivity is carefully tuned to
control reaction yield, size, and size distribution.>™"° Although
this approach has been extremely successful with II-VI and IV-
VI QDs, recent studies clearly suggest that it has failed to
achieve the same degree of size and size distribution control
with III-V QDs including InAs.'"'* Therefore, despite their
superior electronic and optoelectronic properties in bulk form
compared to Pb or Cd based semiconductors integration of
colloidal III-V QDs into solid state devices is highly impeded
due to synthetic challenges. For example, the synthesis of
monodisperse InAs QDs (2.5-6 nm) typically involves
exhaustive postsynthesis size selective precipitation.'>”"*
Attempts to replace the reactive precursor with a more stable
one, which expected to release slowly the monomers for an
extended period of time, thereby increasing size and
monodispersity, have been met with little success. For example,
by replacing the Si atom in tris(trimethylsilyl)arsenide
((TMS);As), Harris et al.'® showed slight improvement in
the size dispersion of InAs QDs, but the size range could not be
increased. Similar attempts for InP QDs by Joung et al.'” and
Gary et al.'' noted the slight increase in the average size of the
particles by tuning precursor reactivity, whereas the size
dispersion could not be improved.

In fact, there is growing consensus on the benefits of
exploring alternative “non-classical” theoretical models and
experimental set-ups to solve the problems of III-V
QDs. ' >'%72% Recent observation of stable prenucleation
clusters (PNCs) in the initial early stages of the reaction has
led several research groups to question the correctness of the
classical single-nucleation event.”' > Many of these studies
performed on various materials including CaCO;*"** and
Fe;0,”° have demonstrated that the formation of crystals
results from the accretion of the PNCs rather than the direct
accretion of atoms. Therefore, two or more nucleation events
have been proposed instead of the single nucleation suggested
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by classical theory. In other words, the PNCs may directly serve
as “monomers” for secondary nucleation events via the
aggregation pathway. On the other hand, there are also
suggestions of redissolution of these PNCs, resulting in the
generation of classical monomers for nucleation and growth.'®
In this respect, there have been few attempts on the synthesis
with the magic-sized clusters (MSCs) to produce high quality
II1-V QDs.'®*”?® In these studies MSCs have been identified as
important intermediates in nanocrystal growth, yet the decisive
role of these intermediate clusters in size evolution has not
been clearly demonstrated.

We report here the detection of ultrasmall amorphous InAs
PNCs with 1.8 nm in diameter synthesized at room
temperature when commonly employed InAs precursors,
namely, indium oleate (In(oleate);) and (TMS);As, were
reacted under a N, atmosphere. The reaction was exothermic,
as noted from the slight temperature increase in the reaction
mixture. "H nuclear magnetic resonance (NMR) confirms that
(TMS);As reacted with In(oleate); to form the TMS-oleate
(Figure S1) at room temperature. The isolated nanoclusters are
In-rich, with an In/As ratio of about 2.3 as measured by
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) (Table S1). These nanoclusters were not uniform
in size, as evident in both absorption spectroscopy and
transmission electron microscopy (TEM) results (Figure 1).
According to the selected area electron diffraction (SAED)
pattern (Figure S2), it can be inferred that our InAs PNCs
exhibit an amorphous phase. In addition, powder X-ray
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Figure 1. (A) Absorption spectra of ultrasmall amorphous InAs
nanoclusters. (B) TEM image and size-distribution of the synthesized
nanoclusters.
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diffraction (XRD) analysis performed further on isolated
powder showed that these clusters were amorphous in nature
(Figure 3E). High-resolution TEM also confirmed the
amorphous nature of the particles. These results indicate that
our synthesized nanoclusters differ from typical InAs MSCs in
that (1) the reported formation temperature is typically high, at
over 150 °C, and (2) they have distinct absorption features at
420 and 460 nm.*"**

More notably, when the temperature of the cluster solution
was carefully increased, we observed continuous growth
behavior, which is again a feature that is unusual for typical
MSCs (Figures S3 and S4). The MSCs are resistant to growth
marked by the presence of persistent characteristic absorption
teatures when the reaction temperature is changed. This control
experiment allowed us to distinguish our ultrasmall amorphous
PNCs (absorption ~400 nm) from InAs MSCs.””**

According to the classical model, in absence of Ostwald
ripening, the rate of diffusion controlled growth is inversely
propositional to the size (dr/dt o 1/r), i.e., smaller particles will
grow at faster rates than larger ones, and the size distribution
narrows with time.”* ™' This phenomenon, referred to as
focusing, is illustrated in Figure 2A. To achieve size-focused
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Figure 2. (A) Illustration of the “size-focused” growth in which smaller
nanocrystals (r,) grow faster than larger ones (r,), resulting in better
size uniformity as the reaction progresses. Only two sized nanocrystals
(blue dots) have been shown for simplicity. Red dots symbolize
“monomers.” (B) Synthetic scheme of growth of InAs QDs: slow and
continuous injection of amorphous PNC solutions into preformed
InAs QD “seeds” using a syringe pump.

growth of InAs QDs, we use the prepared PNCs as a direct
source of monomers. The cluster solution was directly injected
into preformed InAs nanocrystal “seeds” (Figure 2B). In
classical terms, the seeded approach is an effective way to
separate nucleation and growth.”

In our experiment, we first synthesized InAs QD “seeds”
capped with oleic acid using a typical hot injection technique.
The InAs QD “seeds” showed a typical broad first excitonic
peak (1S.—1S;) around 1.77 €V, namely, 700 nm (Figure 34,
green), with half-width at half-maximum (HWHM) > 100 meV
(Figure 3D). TEM images show that the size distribution is
about 16.3% (Figure 3B). Typically, the chemical yield of this
hot injection reaction is ~40%. To this polydispersed “seed”
solution was injected amorphous InAs nanocluster solution in
ODE at different rates using a syringe pump at specific growth
temperatures. Figure 3A presents the ultraviolet—visible-near-
infrared (UV—vis-NIR) spectra of differently sized InAs QDs
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Figure 3. (A) Size tunability with access to larger particles.
Representative UV—vis-NIR spectra of differently sized InAs QDs
synthesized by externally supplying the monomers via the controlled
injection of amorphous nanocluster solution (at 0.005 mmol/min,
temperature 270 °C). (B, C) Representative TEM images of 5.79 =
0.43 nm (7.5%) InAs QDs (C) synthesized from 2.54 + 042 nm
(16.3%) seeds (B). (D) Relative size distribution represented by the
HWHM of the first excitonic peak of InAs QDs synthesized by adding
0.05 to 3 mmol (filled circles) of precursor solutions compared with
the initial seed solution (green). Empty circles represented literature
values for high-quality PbS QDs for comparison.”® (E) XRD spectra of
InAs nanoclusters, InAs “seeds”, and the InAs QDs.

synthesized by slow and continuous injection (at 0.00S mmol/
min) of InAs QD “seed” solution.

This slow and continuous injection resulted in further growth
of the InAs QDs, as well as an increase in the size uniformity
(Figure 3C), as reflected in sharpening of the absorption first
excitonic peak (1S.—1S,). Figure 3D shows that the HWHM of
the variously sized InAs QDs with our method was comparable
to HWHM recently achieved with PbS QDs, having a similar
first excitonic peak position (1.5—1.2 eV).”> The size
distribution of the InAs QDs decreases as a function of their
sizes, confirmed by the TEM analysis (Figures S6 and S7).

This result is consistent with the prediction of classical
diftusion-controlled growth of the QDs under high super-
saturation of monomers. In other words, these amorphous
nanoclusters are indeed a reliable source of monomers,
irrespective of whether monomers are generated via dissolution
of the clusters or direct accretion to growing crystal (in which
case, the clusters are the monomers). In this synthetic scheme,
since the final size of the product depends solely on the amount
of solution of precursor externally added at a fixed growth
temperature, the reaction can be stopped at any desired time.
This method thus allows the preparation of InAs QDs with a
wide size range and high degree of tunability and reproduci-
bility. For example, by stopping the precursor supply and
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removing the heat source at a desired interval, two samples with
an excitonic peak difference of as little as 5—10 nm with size
dispersity <10% can be isolated. Such precise control of size
and size dispersion is otherwise extremely difficult in III-V QDs
when the monomer reservoir is internally controlled by
controlling precursor reactivity. When the monomer concen-
tration approaches equilibrium solubility, smaller particles
dissolve while larger ones keep growing, resulting in broad
size distribution (Ostwald ripening).‘%m33 Maintaining the
monomer reservoir internally is difficult as the precursor
depletion is a major concern in III-V QD synthesis.>*

An alternative way of maintaining the monomer reservoir
during the growth stage is by supplying the precursor externally
as demonstrated by Peng et al,, using molecular precursors.”
We carefully monitored the growth of InAs QDs using
absorption spectra when molecular precursors of In(oleate),
and (TMS),As were continuously supplied during the synthesis
with various experimental conditions (Figure S5), in contrast to
the injection of an equivalent concentration of our amorphous
nanoclusters under the same reaction condition (Figure S8). In
the case of the continuous molecular precursor injection, we
observed initial size focusing and red-shift in the first excitonic
absorption peak, similar to Peng’s previous observation.’®
Interestingly, the particle size distribution again increased while
rate of the increase in size decreased after initial focusing stage
despite continuous injection of molecular precursors in all
experimental conditions we explored as reflected in their
HWHM and 1S.—1S,, respectively. (Figure 4, black line)
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Figure 4. HWHM was plotted as a function of the first excitonic peak
from Figure S8 to visualize their size distribution during the course of
growth using molecular precursors (black line) and InAs nanoclusters
(red line) in various experimental conditions: 300 °C of injection
temperature with 0.005 mmol/min of feeding rate (circle), 300 °C of
injection temperature with 0.01 mmol/min of feeding rate (triangle),
and 250 °C of injection temperature with 0.01 mmol/min of feeding
rate (square), respectively.

Accumulation of precursors can lead to formation of isolated
QDs due to involvement of multiple competing precursor
conversion steps. In contrast, our results indicate that by
supplying the InAs nanocluster solution externally, the
monomer reservoir can be effectively consumed in the growth
stages, which results in focusing of nanocrystal sizes with the
increasing particle diameter. The use of our amorphous PNCs
efficiently circumvents the complex precursor conversion
pathways, thus resulting in reliability and reproducibility in
synthesis.

We also observed a dramatic increase in reaction yield from
the typical level of ~40% to up to 75%. Measuring the
absorbance at high photon energy (450 nm)> allows us to
determine precisely the size-independent concentration of QDs
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and, hence, the reaction yields (Figure S9 and Table S2). The
increase in the reaction yield indicates that the slow injection of
an intermediate cluster eliminates the adverse effects of
precursor depletion, which is another advantage of our InAs
QDs synthesis. Both temperature and injection rate are decisive
in determining the final size and size dispersion (Figures S10
and S11). An injection of 3 mmol precursor at 270 °C gave
InAs QDs with 1S, at 937 and 1110 nm as the rate decreased
from 0.05 to 0.005 mmol/min. Similarly, larger particles could
be synthesized by increasing the temperature.

In conclusion, we have identified amorphous InAs PNCs as
an important intermediate in the nucleation and growth of InAs
QDs. These clusters synthesized at room temperature were
more stable than the molecular precursors (group V), but less
stable than MSCs, making them suit as a single-source
precursor for the synthesis of InAs QDs with narrow size
distribution. As an alternative to search for newer precursors
with optimum reactivity, we developed a simple approach to
control the size and size distribution of InAs QDs using the
existing precursors. Highly monodisperse InAs QDs (<10%) in
the size range of ~3 to 6 nm were synthesized by continuous
supplying preformed amorphous InAs PNCs into InAs
nanocrystal “seeds”. Unprecedented control over the size of
the InAs QDs can be achieved by simply adjusting the rate of
injection, reaction temperature, and growth time. The
observation of remarkably strong size-focusing growth, using
amorphous PNCs instead of molecular precursors as the
monomer source, demonstrates that irrespective of whether
nanocrystal formation involves a single-step or multiple-step
nucleation event, each step is governed, at least qualitatively, by
classical nucleation and growth theory. The approach could be
equally relevant for other III-V QDs with similar bonding and
precursor chemistry, perhaps provided that the growth is under
diffusion-controlled mode.
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