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Considerable research has been carried out on colloidal
semiconductor nanocrystals (NCs) on account of their size
dependent electronic and optical properties, which are the
key issues in many applications, such as biomedical fluo-
rophores,1 LEDs,2 and photovoltaic devices.3 Among them,
a group of II-VI semiconducting NCs, for example, CdSe
quantum dots (QDs), exhibit excellent photostability, quan-

tum yield (QY), and a tunable emission wavelength.4,16

However, CdSe QDs have limited applications owing to their
intrinsic toxicity.5 It is believed that III-V QDs, particularly
InP NCs, are the most desirable alternative. However, the
photoluminescent quantum yield tends to be very low due
to nonradiative surface recombination sites and high activa-
tion barriers for carrier detrapping.6,7 A core-shell structure
appears to be essential for surface passivation, but limited
numbers have been reported, including InP/ZnS8,9,14,15 and
InP/ZnCdSe10 core/shell QDs. HF etching11,13 and low
reaction temperature methods have also been attempted. In
particular, the recent reports by Peng’s group on highly
luminescent InP/ZnS core-shell quantum dots in the visible
range using fatty amine9 and Reiss on the one-pot synthesis
of InP/ZnS14 are quite impressive.

We report the stepwise synthesis of InP/ZnS core-shell
quantum dots and the role of zinc acetate during the reaction.
Zinc acetate was used as a precursor for zinc and acetic acid.
Highly luminescent InP/Zn-palmitate was obtained as an
intermediate. The InP core was synthesized with indium
acetate (In(OAc)3), tris(trimethylsilyl)phosphine ((TMS)3P),
and palmitic acid as the indium and phosphorus precursors† Ajou University.
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and stabilizers, respectively, using the methodology reported
in Peng and Battaglia’s paper.12 The InP cores had a diameter
of ∼3 nm (Figure 1c, left) and an emission peak in the range
of 500-580 nm. Emission peak tuning was made possible
by controlling the concentration of the precursors. For
example, an emission peak of 580 nm was obtained using
0.06 mmol of indium acetate and 0.03 mmol of (TMS)3P in
5 mL of octadecene. Another emission peak of 500 nm was
achieved at half the concentration in the same volume of
solvent. The detailed experimental procedures can be found
in the Supporting Information. To achieve the core-shell
structure, zinc acetate powder was added to a core solution
at ambient temperature under a nitrogen atmosphere. The
temperature was then increased to 230 °C and maintained
for 5 h. The solution became clear around 100 °C, which
means the occurrence of zinc-palmitate and the intensity of
photoluminescence started to increase around 150 °C. Figure
1b shows the photographs of the InP cores (left) and InP/
Zn-palmitate (center) solutions after cooling. InP/Zn-palmi-
tate was precipitated in octadecene at room temperature
(Figure 1b, center), which means palmitic acid cannot play
a useful role as a stabilizer any more. The addition of

different surfactants, such as dodecanethiol, oleylamine, and
trioctylphosphine, made the solution dispersible again.
Infrared spectroscopy showed the exchange of surfactants
clearly. The carbonyl stretching (CdO) peaks of palmitate
(1640 cm-1) were observed in InP/Zn-palmitate (Figure 1a,
top), disappeared in InP/Zn-thiol (Figure 1a, center), and
reappeared in InP/ZnS core-shell NCs (Figure 1a, bottom).
Disappearence of the carbonyl peak in thiol surfactants means
the formation of the InP NCs/Zn-dodecanethiol complex.
The bonds between InP NCs and Zn2+ ions are quite strong
and could survive after surfactant exchange. Existence of
zinc was confirmed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) after surfactant exchange.
Similarly, the Zn/In ratio was approximately 1.6-1.8 in
dodecanethiol, oleylamine, and trioctylphosphine surfactant
solution (Zn/In ratio: 1.81 in dodecanrthiol, 1.78 in oleyl
amine, and 1.61 in TOP surfacts solution) when a 2.5 equiv
of zinc acetate was used. InP/Zn-dodecanethiol solutions
were heated at 230 °C, which resulted in InP/ZnS core-shell
quantum dots. The use of alkane thiols as a sulfur precursor
in ZnS quantum dots has been reported elsewhere.14,16 Similar
experiments were performed by the Reiss group.17 They used
zinc stearate and could observe the PL increase, which is
explained by the surface passivation of a phosphorus
dangling bond by zinc carboxylate. We also conducted
similar experiments using using zinc palmitate; however, the
results are not very impressive compared with zinc acetate.
This means that acetate plays an important role in PL
increase. The details will be explained in the next page.
Powder X-ray diffraction (XRD) showed that the zinc blend
structure of the InP and InP/ZnS QDs (Figure 2) were
evident, which were indexed to the (111), (220), and (311)
planes. The slight shift of peaks between InP and InP/ZnS
QDs can demonstrate the existence of ZnS shell structures.14

Figure 3 shows the photoluminescence and photographs
of the InP cores and InP/ZnS core-shells solutions at each
wavelength. The core-shell structure led to an improved
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Figure 1. Infrared spectroscopy data (a) and photograph (b) of InP, InP/
Zn, and InP/ZnS NCs under UV. TEM images of InP cores (c, left) and
InP/ZnS core-shell (c, right).

Figure 2. Powder X-ray diffraction of the InP and InP/ZnS core-shell.

Figure 3. Photoluminescence and absorbance of InP cores (red) and InP/
ZnS core shells (black) at each wavelength. Insets show the photograph of
InP (left) and InP/ZnS (right) under UV, respectively.
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quantum yield of 38% (Figure 3c), 18% (Figure 3b), and
7% (Figure 3a), and a blue-shift in absorption and emission.
The blue-shift was larger in the NCs with short-wavelength
absorption than in those absorbing in a longer-wavelength.
(Figure 3: part a, 72 nm; part b, 53 nm; and part c, 24 nm)
A lower or higher reaction temperature also improved the
quantum yield, but the effects were not as impressive as that
at 230 °C. The blue-shift in absorption and emission was
attributed to etching by acetic acid, which originated from
zinc acetate, and was similar to HF etching.11 Hence, acetic
acid, which is the reaction product of zinc acetate and
palmitic acid, etched the surface of the core leading to the
easy formation of the shell. This hypothesis can explain the
large blue-shift in smaller NCs (Figure 3a: short-wavelength
absorption). The following experiments were carried out to
test the hypothesis. A slight increase in quantum yield was
obtained using zinc acetylacetonate (Zn(acac)2) as a zinc
precursor instead of zinc acetate. Acetic acid was added
continuously resulting in a more than two-fold increase in
quantum yield. The reverse stepwise addition of acetic acid
and Zn(acac)2 showed a similar tendency, but the effects were
not as pronounced. Detailed comparison data can be found
in Figure 4. After all, zinc acetate plays an important role in
surface etching and ZnS shell formation, which results in a
blue-shift in emission (or absorption) and an improvement
in quantum yield. To study the quantitative effect, the
amounts of zinc acetate were controlled from 1 equiv to 5
equiv based on phosphorus. Figure 5 shows that Zn to P
precursor ratios of 1/1, 3/1, and 5/1 result in a blue-shift in
the absorption peak of 9 nm, 15 nm, and 22 nm, respectively.
The quantum yield of the core-shell was 8%, 20%, and 38%
at a Zn:P ratio of 1, 3, and 5, respectively. Above 5 equiv,
the quantum yield began to decrease. X-ray photoelectron
spectroscopy (XPS) (Figure S2, Supporting Information) and
ICP-AES demonstrated the existence of zinc. ICP-AES of

the subsequent sample (Zn/P ) 1, 3, and 5) showed an
increasing tendency, a zinc to phosphorus ratio of 0.54, 1.48,
and 1.99, respectively.

Transmission electron microscopy (TEM) revealed InP
cores and InP/ZnS core-shells, 2.9 nm (σ ) 0.19) and 3.5
nm (σ ) 0.23) in diameter, respectively (Figure 1c). The
wide low resolution and magnified images are shown in
Supporting Information. The quantum dots were transferred
to water to check the stability of the ZnS shell, and highly
luminescent water-dispersible quantum dots were obtained
(Figure 4b).

The stability tests of the InP/ZnS core-shell nanocrystals
using both the conventional method8 and the procedure
reported in this paper were conducted under ambient (room
temperature and light) and heat-aged (dark and 120 °C for
12 h) conditions. Both data showed the superior properties
of InP/ZnS core-shell NCs by our method (Supporting
Information).

In conclusion, highly luminescent and stable InP/ZnS
core-shell nanocrystals were developed by stepwise addition
of zinc acetate and dodecanethiol to an InP core solution.
Zinc acetate plays an important role in surface etching and
ZnS shell formation.
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Figure 4. Comparison data of PL intensities under the same absorption at
400 nm; InP core f Zn(acac)2 added f acetic acid added (a, left), InP
core f acetic acid added f Zn(acac)2 added (a, right). Photographs of
InP/ZnS NCs in hexane (b, left) and water (b, right). Figure 5. Absorbance of InP cores (black) and InP/ZnS core/shells (red) at

each amount of Zn.
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