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Colloidal semiconductor nanocrystals have been exten-
sively explored because of their excellent optical and opto-
electronic properties.! However, success on synthesis of
high-quality semiconductor nanocrystals have been largely
limited to II—VI? ones, followed by V-V III-V.* and
I—II1—VI° ones. Although 11—V semiconductors, such as
Cd;P;, and CdsAs,, possess great potential in comparison to
the others, II—V semiconductors nanocrystals have been
lagging far behind in terms of their synthetic chemistry. For
example, Cd;P» as a representative II—V semiconductor, its
band gapis 0.55 eV and large excitonic radii is quite large 18
nm.® Correspondingly, CdsP, nanocrystals should exhibit
tunable optical and opto-electronic properties in a wide size
range (up to 18 nm)’ and have great potential in infrared
(IR) detectors, ultrasonic multiplies, solar cells etc.®

Although physical method is successful on preparation
of II-V semiconductor nanomaterails,” there were only a
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few reports on synthesis of colloidal Cd;P, nanocrystals by
wet chemistry routes, '° precipitation of cadmium ion by PH;
in aqueous solution, thermolysis of single-source precursor
[MeCdPBu,|; or employment of metal—organic precursors
Me,Cd and HPbu, in tri-n-octylphosphine oxide (TOPO).
Usually, size of the Cd;P, particles obtained by these
approaches was quite narrow, in the range from 2 to 3 nm,
which showed band gap emission from 550 to 680 nm.'*~¢

Here, we report synthesis of nearly monodispersed Cd;P,
nanocrystals in a large size range (between 1.6 and 12 nm) in
octadecene (ODE). A typical synthesis is as follows: 0.3 mmol
CdO, 4 mL ODE, and 1 mmol oleic acid (OA) were loaded
into a 25 mL three-necked flask and heated to 230 °C under
Ar flow (no vacuum pumping). Into this solution was quickly
injected 0.1 mmol tris-trimethylsilan phosphine (TMS-P)
dissolved in 0.5 mL ODE. Subsequently, the growth of
Cd;P, nanocrystals was set at 250 °C. No size sorting was
applied to any sample used for characterization in this work.

Transmission electron microscope (TEM) images of three
typical samples are given in Figure 1A—C (also sece the
Supporting Information, Figure 1S) and a square array of
the nanocrystals is observed (Figure 1C). Though it was
difficult to identify a faceted shape in the small nanocrystals
(<8 nm), the relatively large ones possessed square or
rectangular shapes (see the Supporting Information, Figure
S1). All the nanocrystals were nearly monodispersed (poly-
dispersity <10%). A representative lattice-resolved high-
resolution TEM (HRTEM) image of the Cd;P, nanocrystals
is given in Figure 3D. The clearly marked interplanar d
spacing is 0.311 nm, which corresponds to that of the {220}
lattice planes of tetragonal Cd;P». Further HRTEM analysis
(see Figure S2 in the Supporting Information) reveals the
three dimensions of a tetragonal Cds;P, nanocrystal was
length x width x height = 12 nm x 12 nm x6 nm). With
the aid of XRD data (Figure 1E), the crystalline structure of
the Cd;P, nanocrystals is clearly confirmed (Figure 1E),
which is indexed based on a primitive tetragonal symmetry
(space group P42/nmc, a = 0.872 nm, ¢ = 1.2347 nm) and
matches well with the expected lattice parameters for single-
crystal Cd;P, films. Electron dispersion spectroscopy (EDS)
spectra of the purified products (see the Supporting Infor-
mation, Figure S3) reveals that the sample is composed of Cd
and P atoms with an approximate atomic ratio of 1.56:1.00,
close to the stoichiometry of CdsP,.

All reactions for synthesizing different size Cd;P,
nanocrystals were performed under the identical condi-
tions except for the concentration of OA in the reaction
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Figure 1. TEM images of Cd;P, nanocrystals with different sizes: (A) 2.5,
(B) 4.0, and (C) 12 nm. HR-TEM image (D) of Cd;P, nanocrystals
(sample in C). (E) X-ray diffraction pattern (XRD) of Cd3P, nanocrystals
(sample in C) . Scale bar is 50 nm for TEM and 10 nm for HRTEM.
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Figure 2. Temporal evolution of UV—vis—NIR (black) and PL spectra
(red) of Cd;P, nanocrystals synthesized under different concentration
of OA: (A) 0.015 and (B) 0.1 mM. (C) Temporal evolution of the mono-
mer concentrations with the reaction time under OA concentration of
0.015 (black) and 0.1 mM (red), respectively. (D) OA concentration-
dependent absorption peak position of Cds;P, nanocrystals.

mixtures. Figure 2 illustrates the temporal evolution of
the optical properties of Cd;P, nanocrystals under dif-
ferent concentrations of OA. It was noted that the reach-
able size range for one reaction was limited, as indicated
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Figure 3. (A) Photoluminescence spectra of Cds;P, nanocrystals with
various sizes. (a) <1.5, (b) <1.5, (c) 1.5, (d) 1.8, (e) 2.4, (f) 3, (g) 4,
(h)5.5,and (i) 7.6 nm. (B) Relation between the size of Cd;P, nanocrystals
and their emission peak positions.

by nearly time-independent absorption and photolumi-
nescence (PL) spectra. However, the size of the nanocrys-
tals could be tuned from 1.6 to over 12 nm by increasing
the OA concentration from 0.25 to 0.4 mM (see Figure S1
in the Supporting Information and Figure 2D).

A similar solution system was employed for the synthesis
of high-quality CdS (II—VI) and InAs (III—V) nanocrystals
previously. In the case of CdS nanocrystals, the OA con-
centration could tune the size of the nanocrystals in a certain
extent but the size of the nanocrystals in a given reaction was
found to be nearly invariable.”® Conversely, the InAs nano-
crystals almost showed no dependence of the OA concen-
tration.* The kinetics for the growth of Cd;P, nanocrystals
observed here is substantially different from that observed
for the CdS and InAs ones. To further understand the
influence of the OA concentration on the growth of Cd;P,
nanoctystals, the concentration of the cadmium monomers
in the solution were determined after the injection of TMS-P
into the reaction solutions. Figure 2C presents the temporal
evolution of the cadmium monomer concentration for two
reactions. One can find that the concentration of cadmium
monomer quickly decreased 30 s after the TMS-P injection,
and then kept almost constant. According to the molar ratio
of Cd and P used (3: 1), half of Cd>* should be consumed at
the end of both reactions. Therefore, it is reasonable to
conclude that the reactions underwent almost completely in
30 s, indicating that Cd;P, nanocrystals with different sizes
could be successfully synthesized within 30 s by simply
changing the concentration of OA. From the data discussed
in these paragraphs, it is deduced that the number of the
nanocrystals formed at the initial formation stage decreased
with increasing the OA concentration. This is consistent
with a reaction-controlled formation model."!
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The Cd;P, nanocrystals smaller than 7.6 nm were identi-
fied to exhibit strong and narrow band-edge PL with quan-
tum yields higher than 30%, which covers the whole visible
and near-IR (450 to over 1500 nm) region (Figure 3A). For
the 2—3 nm nanocrystals, the quantum yield is as high as
70%. Even for the extremely small-sized Cd;P, nanocrystals,
the quantum yield can reach up to 35%. A photograph of
several samples emitting (Figure 3Aa—d) from blue to NIR
are shown in Figure S5 in the Supporting Information. It
should be noted that when the size of the nanocrystals is over
8 nm, the PL could not be recorded with the instrument
limitation in our laboratory. The relationship of Cd;P,
nanocrystal sizes (below 8 nm) verses their emission peak
positions are summarized in Figure 3B. In principle, a wider
emission window of Cd;P, nanocrystals should be observa-
ble because of their large Bohr radii, which is comparable
with InAs nanocrystals but much broader than typical
II—VI ones.

In conclusion, a “simple and quick” synthetic scheme
has been developed for synthesis of high quality Cd;P,
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nanocrystals with controllable sizes in a wide range
from below 1.6 to 12 nm by simply adjusting the OA
concentration in solution. The as-prepared Cd;P, nano-
crystals exhibit strong band gap PL with quantum yield
higher than 30%. The emission window of the nano-
crystals covers the whole visible and NIR range (450 to
over 1500 nm). The interesting optical properties make
the nanocrystals potentially useful in telecommunica-
tion, optical amplification, and lighting. The current
synthetic approach would open a new route for the syn-
thesis of other high-quality II—V semiconductor nano-
crystals.
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