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We demonstrate a single-step synthetic method for highly luminescent (i.e., quantum yield up to 80%)
and stable quantum dots (QDs) by using the reactivity difference between Cd and Zn precursors and that
between Se and S precursors. A wide range of emission wavelengths (500-610 nm) with a narrow
fwhm (<35 nm) is obtained by changing the ratios of the precursors. Under the reaction conditions
selected, Cd- and Se (with a bit of S)-based cores are formed first and Zn- and S-based shells are formed
successively; therefore, the QDs have a core/shell structure with composition gradients, which relieve
the lattice mismatch between core and shells. The QDs are characterized using the combined techniques
of HR-TEM, UV–vis, PL spectroscopy, and ICP-AES. The QDs also have energy gradients depending
on their compositions in a radial direction, which energetically confine carriers (electrons and holes) to
the cores. This leads to the stability of QDs during their surface passivation from oleic acid to
mercaptopropionic acid and ensures their processibility for further purposes such as optoelectronic and
biological applications.

Introduction

Quantum dots have received great attention for the past
10 years because of their unique electrical and optical
properties that depend on their size and shape, which is
termed the “quantum confinement effect (QCE)”.1–4 Because
of their superb optical properties, they have been actively
applied to light-emitting diodes,5–8 lasers,9–11 and biomarke-
rs.12–14 Although QDs are regarded as promising materials
for optoelectronic devices and biological applications, syn-
thetic methods developed so far have not been quite
satisfactory, owing to their instability of photoluminescence

(PL) in certain conditions.14 As a result, several synthetic
techniques were developed to produce highly luminescent
and stable QDs via the surface modification using inorganic
layers15–19 or organic layers.21–23 For example, the surface
modification with inorganic layers has first been presented
for the core/shell (CdSe/ZnS) structure with a discrete
interface.15 However, as the thickness of the shell layer is
increased in order to enhance the chemical stability for further
applications, the quantum efficiency starts to decline after a
certain thickness due to the defects in the shell induced by
the lattice mismatch between the core and shell layers, the
nonuniform growth of the shell, and the formation of grain
boundaries between small clusters in the shell. In order to
improve the structural stability and quantum efficiency, a
multishell structure was developed through the formation of
shell layers such as CdS,16 ZnSe,17 and alloy shell layers
between the CdSe core and the ZnS shell19 using multire-
action steps.

Surface passivation with organic layers was also developed
to grow QDs with high quantum efficiency and narrow size
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distribution, which were achieved with a variety of surfac-
tants containing different functional groups such as tri-
octylphosphine oxide (TOPO),15 hexadecylamine (HDA),21

and their mixture.22 Even though the enhancement of the
quantum yield of QDs has been achieved, the synthesis of
highly luminescent and structurally stable QDs in a large
quantity and reproducible way still remains as a challenge
due to difficulty in controlling the nucleation and growth in
a synthetic process, which leads to a broad size distribution.
Furthermore, the organic surfactants coordinated to the
outermost surface of QDs must be removed for further
optoelectronic applications.

Here, we present a single-step synthesis of highly lumi-
nescent quantum dots (i.e., quantum yield up to 80%) with
a narrow fwhm (<35 nm) in a wide range of emission
wavelengths (500-610 nm). The QDs prepared in the single-
step synthesis are also structurally stable due to the chemical
composition (or energy level) gradient in the radial direction,
which effectively relieves the lattice mismatch and confines
electrons and holes within the core. Moreover, since this
single-step synthesis method requires at most two surfactants
(oleic acid and trioctylphosphine), it is a straightforward,
simple, reproducible, and economic method to obtain a large
quantity of highly luminescent and structurally stable QDs.

Experimental Section

Chemicals. Cadmium oxide (CdO, 99.99%), zinc acetate (99.9%,
powder), selenium (99.9%, powder), sulfur (99.9%, powder),
trioctylphosphine (TOP, 90%), oleic acid (OA, 90%), 1-octadecene
(ODE, 90%), and mercaptopropionic acid (MPA, 99.8%) were used
as purchased from Aldrich.

Single-Step Synthesis of Quantum Dots with Chemical
Composition Gradients. As a typical synthetic procedure, 0.4
mmol of CdO, 4 mmol of zinc acetate, 17.6 mmol of oleic acid,
and 20 mL of 1-octadecne were placed in a 100 mL round flask.
The mixture was heated to 150 °C, degassed under 100 mTorr

pressure for 20 min, filled with N2 gas, and further heated to 310
°C to form a clear solution of Cd(OA)2 and Zn(OA)2. At this
temperature, 0.4 mmol of Se powder and 4 mmol of S powder
both dissolved in 3 mL of TOP were quickly injected into the
reaction flask. After the injection, the temperature of the reaction
flask was set to 300 °C for promoting the growth of QDs, and it
was then cooled to room temperature to stop the growth. QDs were
purified by adding 20 mL of chloroform and an excess amount of
acetone (3 times); they were then redispersed in chloroform or
hexane. In order to tune the optical properties of QDs, we changed
the ratios of Cd to Zn and Se to S with the total concentrations of
the Cd-Zn pair and Se-S pair fixed at 4.4 mmol, while we
maintained all the other parameters such as the amounts of OA,
ODE, or TOP, reaction temperature, and reaction time constant.

Preparation of Water-Soluble Quantum Dots. Water-soluble
quantum dots were prepared by replacing the OA attached to the
surface of QDs with mercaptopropionic acid (MPA) as follows:
10 mg of QDs dispersed in 10 mL of chloroform was placed in a
100 mL round flask, and 2 mL of MPA was added to the solution.
The resulting reaction mixture was heated up to 60 °C for 1 h and
cooled to room temperature. The MPA-capped QDs were extracted
by centrifugation at 6000 rpm, purified twice with chloroform,
and finally dissolved into water of pH 8. We note that the MPA-
capped QDs were water-soluble.

Optical Characterization. Room temperature UV–vis absorption
spectra were measured with an Agilent 8454 UV–vis diode array
spectrometer. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were collected on an ACTON spectrometer.
The fluorescent quantum yield (QY) of the quantum dots prepared
was measured and estimated by comparing their fluorescence
intensities with those of primary standard dye solutions (with
emission close to the QDs) at the same optical density (0.05) at
the same excitation wavelength.

Transmission Electron Microscopy (TEM). The TEM images
of the QDs were obtained using a JEOL JSM-890 at 200 KV to analyze
their average size and size distribution. Low-coverage samples were
prepared by placing a drop of a dilute hexane dispersion of QDs on a
copper grid (300 mesh) coated with an amorphous carbon film.

Figure 1. HR-TEM images of quantum dots as a function of reaction time: (a) 5 s, (b) 1 min, (c) 3 min, (d) 5 min, and (e) 10 min.
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Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-AES). An ICP-AES spectrum was measured using a Shi-
madzu ICPS-1000IV to analyze the elemental chemical composition
of the QDs. All the samples were prepared by dissolving the QDs
in 2% of HNO3 solutions.

Powder X-ray Diffraction (XRD). X-ray powder diffraction
patterns of the QDs were collected on a Brukner D5005 diffrac-
tormeter using the Cu KR radiation (1.5405 Å). Each sample was
purified five times to remove excess organic coordinating com-
pounds before XRD measurements.

Results and Discussion

Several techniques were combined to monitor the growth
and to characterize the chemical composition of QDs. Figure

1 presents the TEM images of the QDs produced at various
reaction times. The size of QDs increased from 3 nm
(reaction time ∼5 s) to 4.2 nm (1 min), 5.6 nm (3 min), 6
nm (5 min), and 6.3 nm (10 min) as the reaction proceeded.
At each reaction time the QDs possessed a spherical shape
with a narrow size distribution (σ < 5%) which reflected
the uniform sizes of QDs.

In order to identify the chemical composition of the QDs,
the ICP-AES spectra for the samples corresponding to the
TEM images shown in Figure 1 were recorded. The
elemental composition data as a function of reaction time
(i.e., the sample prepared at each reaction time) are given in
Figure 2a. At an early reaction stage (5 s), the amount of
reacted Cd was 20 times higher than that of reacted Zn even

Figure 2. (a) Composition ratios of Cd-to-Zn and Se-to-S as a function of reaction time and (b) a schematic of the chemical composition (or electronic
energy level) within a quantum dot. (c) Ratio of Cd or Zn to (Cd + Zn) and that of Se or S to Se/(Se + S) for each shell from the center of the quantum
dot. Relative values of each component (Cd, Zn, Se, and S) in each shell are shown.
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if the initial concentration of the Zn precursor was 10 times
higher than that of the Cd precursor. This shows that the
reactivity of the Cd precursor is much higher than that of
the Zn precursor. After this 5 s period, the effect of Zn
precursor on QDs increased drastically, and the amount of
consumed Zn became 4 times higher than that of the Cd
precursor after 10 min, at which the ratio [Cd]/([Cd] + [Zn])
started to become constant. In the case of group VI elemental
chemical composition, the composition ratio of [Se] to ([Se]
+ [S]) at an early stage (5 s) before and after the reaction
was 9% ([Se] ) 0.4 mmol, [S] ) 4.0 mmol) and 40%,
respectively. As the reaction started, the incorporation of Se
into the QDs was much faster than that of S. This indicates
that the reactivity of Se is higher than that of S at the reaction
temperature selected. A large amount of the Se precursor
was consumed during the early stage of the reaction. As the
reaction proceeded, the composition of S increased with the
radius of QDs and eventually S-based layers were formed.
It is clear that the core formed at the early stage of the
reaction consists of Cd and Se, then Zn and S are gradually
incorporated during the growth of the QDs, and finally the
outer shell of the QDs are comprised of Zn and S.

The results in Figure 2a show that the composition ratio
of reacted Se to S during the early stage (5 s) is lower than
that of reacted Cd to Zn even though we started each reaction
with the same initial concentration ratio (1:10, i.e., [Cd] )
0.4 mmol and [Zn] ) 4.0 mmol, [Se] ) 0.4 mmol and [S]
) 4.0 mmol). We attribute this to the fact that the reactivity
difference between Cd(OA)2 and Zn(OA)2 is higher than that
between TOPSe and TOPS at the reaction temperature
selected (300 °C). In Figure 2b, the drawing on the left shows
the schematic for the chemical composition gradient of QDs
(Cd1-xZnxSe1-ySy) as a function of radius. The core is

composed of Cd and Se; their amounts decrease radially
outward, whereas the amounts of Zn and S increase. In Figure
2b, the drawing on the right shows the energy diagram
according to the chemical composition variation. The band
gap of QDs increases with the radius because of the gradual
incorporation of Zn and S into the growing QDs. The QDs
produced by our single-step synthesis have a core/shell
structure with chemical composition (or energy) gradient.
By using the data from Figures 1 and 2b, we estimated the
quantitative composition profile of the QDs, which is shown
in Figure 2c. Cd- and Se (and/or S)-based cores are formed
first, and Zn- and S-based shells are formed successively. A
Se precursor that is more reactive than the S precursor was
used in the solution of 10 times lower concentration. We
carried out the reaction either with 0.4 mmol of Cd and 0.4
mmol of Se or 4.4 mmol of Cd and 4.4 mmol of Se. We
measured the PL of the QDs prepared by using only Cd and
Se at the same reaction interval as the QDs with composition
gradient. The maximum peak intensity of the PL after 200 s
remains almost steady. This suggests that the Cd consumption
in either 0.4 mmol of Cd and 0.4 mmol of Se or 4.4 mmol
of Cd and 4.4 mmol of Se reaches a steady state after 200 s.
The reactivity of Cd is so high that it reacts with Se as long
as Cd and Se exist. In addition, we carried out the reaction
with 0.4 mmol of Cd, 0.4 mmol of Se, 4 mmol of Zn, and
4 mmol of S. The maximum peak intensity of the PL is more
blue-shifted than that of the QDs prepared using 0.4 mmol
of Cd and 0.4 mmol of Se alone. This is due to the reaction
of Zn and S involved in the CdSe-based core growth to some
extent, which is shown in Figure 2c.

The crystallinities of the QDs were investigated using
powder XRD. We synthesized bare CdSe QDs with Cd and
Se precursors alone under the same conditions as we
produced the QDs with composition gradients. The XRD
pattern of the bare CdSe QDs is shown in Figure 3 (denoted
with CdSe). The XRD patterns of the QDs with composition
gradients obtained at 5 s, 1 min, 3 min, 5 min, and 10 min
(denoted with 5 s, 1 min, 3 min, 5 min, and 10 min,
respectively) are shown in Figure 3. The XRD patterns of
bulk zinc-blend CdSe and ZnS are also shown at the bottom
and top, respectively, in Figure 3. The bare CdSe QDs exhibit
the zinc-blend structure. The CdSe core of the QDs with
composition gradients also has the zinc-blend structure. The
peaks of the QDs with composition gradients shift to higher
angles as the reaction time increases, which correspond to
the growth of the QDs with composition gradient
(Cd1-xZnxSe1-ySy). The QDs grow in all directions while
maintaining the spherical shape throughout the reaction. They
exhibit high PL quantum efficiency and stability, which are
guaranteed by the uniform passivation over the entire surface.

Figure 4a shows the room temperature UV–vis absorption
and photoluminescence (PL) spectra of the QDs obtained at
various reaction times (5 s, 1 min, 3 min, 5 min, and 10
min). These are the absorption and PL spectra of the same
samples shown in Figure 1. All samples have a common
feature: a UV–vis absorption spectrum displays multiple
excitonic peaks, and a luminescence spectrum reveals a single
and narrow Gaussian-shaped PL peak with a full width at
half-maximum (fwhm) narrower than 35 nm. This indicates

Figure 3. XRD patterns of bare CdSe and the QDs with composition
gradients (Cd1-xZnxSe1-ySy) obtained at 5 s, 1 min, 3 min, 5 min, and 10
min. The XRD patterns of bulk zinc-blend CdSe and ZnS are also shown
at the bottom and top, respectively.
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that the QDs obtained at each reaction time are uniform in
size and shape and therefore uniform in the chemical
composition. This result is consistent with their TEM
analysis: the TEM images reveal that they are uniform in
size and shape. Figure 4a shows the room temperature
absorbance and luminescence spectra for a reaction time
series of samples [Cd1-xZnxSe1-ySy]. As shown in Figure 4a,
b, the first absorption peak and the PL peak of the QDs after
1 min reaction time are red-shifted by 35 nm each relative
to those of the QDs after 5 s reaction time. After 1 min of
reaction time, the first absorption peak and the PL peak of
the QDs after 3 min reaction time are red-shifted by 2 nm
each relative to those of the QDs after 1 min reaction time,
and those of the QDs after 5 min reaction time are red-shifted
by 3 nm each relative to those of the QDs after 3 min reaction
time. After 5 min of reaction time, there are no more red
shifts in the first absorption peak and the PL peak of the
QDs. These shifts reflect an increased leakage of excitons
into the layers with gradual chemical composition gradient

to a certain thickness. Energy gradient shells with lower band
gap are initially formed and energy gradient shells with larger
band gap are formed later. The initially formed energy
gradient shells are responsible for the drastic red shift of PL
emission. As the reaction continues further, the peak of PL
emission hardly changes because the leakage of carriers to
shells is suppressed by the outer shells of larger band gap,
which blocks the tunneling of carriers outward. We examined
the reproducibility of this method (single-step synthesis)
through experiments several times and found that the changes
in the PL peak position were within the less than 2 nm.

Figure 4c shows the PL quantum yield (QY) of the QDs
produced at various reaction times. The room temperature
PL QY increases gradually from 10% (5 s sample) to 80%
(10 min sample) as the reaction proceeds. This is due to the
effective passivation of the surface-state traps15–19 of growing
cores of the QDs in terms of the strain-relieved shells with
chemical composition gradient. In a previous synthesis of
the CdSe/ZnS core/shell structured QDs with a discrete

Figure 4. (a) Room temperature UV–vis absorbance and luminescence spectra for [Cd1-xZnxSe1-ySy] QDs prepared at different reaction times. (b) Peak
wavelength and fwhm in PL for samples prepared at different times. (c) PL QYs of QDs prepared as a function of reaction time.
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interface, the QY increased at the first 1-2 layers of ZnS
(less than 0.7 nm) and then decreased as the shell thickness
increased due to the formation of defects induced by the
lattice mismatch between the CdSe core and the ZnS shell.15

However, in our approach, the QDs with chemical composi-
tion gradient exhibited a gradual increase in the QY to a
thickness of about 1.5 nm. This is due to the successive
relaxation of strain via chemical composition gradient. The
strain may originate from the lattice mismatch between layers
if the interface between the core and the shell is abrupt.
Furthermore, the QDs have energy gradient in the radial
direction as a consequence of the chemical composition
gradient so that electrons and holes can be funneled into the
core and confined to the core efficiently (carrier funneling
concept).20 As a result of the effective passivation by our
approach, i.e., single-step synthesis of QDs with chemical
composition (or energy) gradient, the QDs exhibited strong
PL even at an elevated temperature (300 °C) during the
reaction when they were illuminated using a UV lamp.

Figure 5a shows the emission wavelengths of the QDs
produced by changing the relative amounts of Cd, Zn, Se,
and S. The emission wavelengths range from 500 to 610
nm. The initial precursor composition corresponding to each

peak from the left shown in Figure 5a is (Cd 0.4 mmol; Zn
4 mmol; Se 0.025 mmol; S 4 mmol), (Cd 0.4 mmol; Zn 4
mmol; Se 0.1 mmol; S 4 mmol), (Cd 0.4 mmol; Zn 4 mmol;
Se 0.4 mmol; S 4 mmol), (Cd 0.4 mmol; Zn 4 mmol; Se 0.4
mmol; S 2.9 mmol), and (Cd 0.4 mmol; Zn 4 mmol; Se 1
mmol; S 2.3 mmol), respectively. The reactivity of Cd is
the highest among Cd, Zn, Se, and S. As long as Cd exists,
it will react with Se or S to form the core. With a higher
concentration of Cd, the core CdSeS is larger and red-shifted.
The peak shift is caused by the change in the core size of
the QDs. Furthermore, in order to investigate the close
correlation between the initial concentration of precursors
and the PL emission wavelength of the QDs, we varied the
feed ratio of group II precursors or that of group VI
precursors (i.e., 0.02 < Cd/(Cd + Zn) or Se/(Se + S) <1)
with fixed total concentration (i.e., [Cd] + [Zn] ) 4.4 mmol,
[Se] + [S] ) 4.4 mmol). As shown Figure 5b, with the
variation of the initial concentration of the Cd precursor from
0.1 to 1.6 mmol (i.e., 0.02 < Cd/(Cd + Zn) < 0.4), the PL
peak of the QDs (acquired after 10 min of reaction in every
variation) changed from 510 to 590 nm. However, a
concentration of Cd from 1.6 to 4.4 mmol (i.e., 0.4 < Cd/
(Cd + Zn) < 1) caused the PL peak to shift to shorter

Figure 5. (a) Room temperature photoemission for different QDs prepared by the single-step synthesis method. (b) PL peak wavelengths of QDs prepared
after 10 min of reaction time as a function of the initial chemical composition ratios of both Cd-to-Zn and Se-to-S.
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wavelength of 570 nm even though all other reaction
parameters such as the amounts of surfactants and reaction
temperature remained the same. The same tendency was also
observed with the variation of the amounts of Se and S. With
the variation of the initial concentration of Se from 0.1 to 1
mmol (i.e., 0.02 < Se/(Se + S) < 0.2), the PL peak of the
QDs also changed from 495 to 596 nm with the increasing
incorporation of Se. However, a concentration of Se from 1
to 4.4 mmol (0.2 < Se/(Se + S) < 1), with all other
parameters remaining the same, caused the PL peak to shift
to the shorter wavelength of 570 nm. The shift to the shorter
wavelength of the PL peak may be due to the following
reason. As the initial concentration of Cd and Se increases,
the number of newly generated nuclei increases instead of
the existing QDs growing larger; this leads to a higher
concentration of QDs with the smaller cores. In order to
check this, we selected the QDs with different compositions
but similar emission wavelength (i.e., the QDs with Se/(Se
+ S) ) 0.03 or 1.0, as shown in Figure 5b) and compared
the optical density of the QDs with Se/(Se + S) ) 0.03 with
that of the QDs with Se/(Se + S) ) 1.0. The first absorption
peak was used as the basis for comparison.24 The optical
density of the QDs synthesized with Se/(Se + S) ) 1.0 (the
first exciton peak ) 550 nm) was 2 times higher than that
of the QDs synthesized with Se/(Se + S) ) 0.03 (the first

exciton peak ) 548 nm). This indicates that the concentration
of QDs produced with Se/(Se + S) ) 1.0 is 2 times higher
than that synthesized with Se/(Se + S) ) 0.03. In addition,
from the TEM analysis of the QDs, we found that the QDs
in all cases had similar final sizes (6.5-7 nm). The peak of
PL of the QDs strongly depends on both the size and
chemical composition of the core of the QDs. This finding
assures that an increase in the concentration of [Cd] and [Se]
only does not guarantee the QDs with larger core part (i.e.,
QDs with longer wavelength of PL). From these results we
must take the composition ratios of Cd to Zn and Se to S
into accounts to control the emission wavelength of QDs by
our approach—single-step synthesis of QDs with chemical
composition gradient. As we change the initial concentration
ratio of Cd to Zn above 0.3 with the ratio of Se to S fixed
at 0.1 (i.e., as the amount of Cd increases), the room
temperature PL QY of the QDs decreases to less than 2%.
This may be because the core/shell structure is not properly
formed. However, the QDs produced from any combination
of the concentration between Se and S with the ratio of Cd
to Zn fixed at 0.1 show strong luminescence and photosta-
bility even at elevated temperature (300 °C). We attribute
this to the fact that the reactivity difference between Cd(OA)2

and Zn(OA)2 is higher than that between TOPSe and TOPS
at the reaction temperature selected, and thus the Cd-rich
core with smaller band gap forms first and then the Zn-rich
shell with larger band gap forms later. This results in the

(24) Yu, W. W.; Qu, L.; Guo, W.; Peng, X. Chem. Mater. 2003, 15, 2854–
2860.

Figure 6. (a) PL QYs of oleic acid-capped (OA-capped) QDs dispersed in chloroform (denoted with solid circles, b) and mercaptopropionic acid-capped
(MPA-capped) QDs dispersed in water (denoted with empty circles, O) prepared at different reaction times (5 s, 1 min, 3 min, 5 min, 10 min) (top left) and
photographs of OA-capped QDs dispered into chloroform mixed with pure water solvent and MPA-capped QDs dispered into water of pH ) 8 mixed with
pure chloroform solvent. Two separate layers are formed in each case. OA-capped QDs are located in the chloroform layer (bottom half in a vial) and
MPA-capped QDs in the aqueous layer (top half in a vial). (b) PLE spectra of OA-capped QDs dispersed in chloroform (solid lines) and MPA-capped QDs
dispersed in water of pH 8 (dashed line).
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energy gradient in the radial direction in the QDs. This
energy gradient helps the electrons and holes to be confined
and funnel into the core of the QDs. This is why the QDs
with the energy gradient structure have a high PL QY. In
our composition gradient QDs, the low quantum efficiency
of QDs is related to surface passivation rather than the CdSe
core formation. This is because the quantum efficiency of
the QDs obtained at an early stage (less than 1 min) shows
almost same quantum efficiency regardless of any initial Cd
to Zn ratios, but that of the QDs obtained after certain
reaction time shows different quantum efficiency depending
on the initial Cd to Zn ratios. Small amounts of Zn (i.e., Cd
to Zn ratio of 0.1) are not sufficient for the effective surface
passiviation of the QD, and this leads to low quantum
efficiency.

Biological applications require water-soluble quantum dots.
The optoelectronic applications require the surface passiva-
tion of QDs as well. We surface-passivate the QDs with
mercaptopropionic acid (MPA) in order to make them water-
soluble. We measured the QYs of the QDs of 5 s reaction
time(i.e., QDs produced after the reaction time of 5 s), 1
min reaction time, 3 min reaction time, 5 min reaction time,
and 10 min reaction time as they were produced or later
surface-passivated with MPA, respectively. Theses QY data
are shown in Figure 6a. The QDs as produced by single-
step synthesis with chemical gradient were originally surface-
passivated with oleic acid that functioned as a solvent and
coordinating ligand. After surface modification with MPA,
the QYs of all the QDs of 5 s reaction time to 10 min reaction
time decreased compared with those of the as-produced QDs
(i.e., originally surface-passivated with OA). The room
temperature PL QY of the surface-passivated QDs of 10 min
reaction time with MPA was 50%. QDs of longer reaction
time have a thicker gradient shell that prevents electrons and
holes from leaking to surface trap sites, which may be formed
during the surface-passivation process. Figure 6b shows the
photoluminescence excitation (PLE) spectra of QDs before

and after surface modification with MPA. After surface
modification with MPA, the intensity of the PLE spectrum
in the wavelengths shorter than 460 nm decreased signifi-
cantly (indicated with an arrow), whereas that of the PLE
spectrum in the wavelengths longer than 460 nm decreased
slightly. This can be explained as follows: the electrons and
holes excited by low-energy photons are confined to the core
of the QDs and are more probable to form luminescing
excitons, whereas the electrons and holes excited by high-
energy photons are created in the outer part of the QDs with
energy gradient and can easily leak out to the surface; thus,
they have higher chances of tunneling out to the surface trap
sites, producing lower PL. It is well-known that surface states
are formed during the surface modification of QDs with
MPA, and they lead to the nonradiative decays of excitons.
The excitons generated by excitation with wavelength above
460 nm are created in the cores of smaller energy gap and
are confined in the cores energetically lower than composi-
tion (energy) gradient shells which effectively protect them
from nonradiative decays. Therefore, the PLE spectra in the
longer wavelength region above 460 nm do not show
difference between OA-capped and MPA-capped QDs. On
the other hand, the excitons generated by excitation with
shorter wavelength below 460 nm are created in the shells
as well as in the cores; thus, they have more chances of
leaking out to the surface states of the QDs for the MPA-
capped QDs. Therefore, the PLE intensity of MPA-capped
QDs decreases drastically in the shorter wavelength region
below 460 nm.

On the basis of the results mentioned above, we can
produce QDs with chemical (or energy) gradient by single-
step synthesis using the different reactivity of precursors at
the reaction temperature selected. The single-step synthesis
of QDs with chemical composition gradient was possible
due to the proper choice of reaction temperature and
surfactants (OA for group II elements and TOP for group
VI elements) and different chemical reactivity of the precur-

Figure 7. Schematic of the possible reaction mechanism for the single-step synthesis of QDs with chemical composition gradients.
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sors. The mechanism for the formation of QDs with chemical
composition gradient is traced as follows: nucleation is
mainly driven by Cd and Se, and the spontaneous growth of
a shell with chemical composition gradient is driven by Zn
and S. This is shown in Figure 7. This is because the
precursors with larger ionicity bind strongly with surfactants
and thus have low reactivity. Zn-OA and S-TOP have higher
binding energy and thus lower reactivity compared with Cd-
OA and Se-TOP, respectively. The layers with composition
gradient relieve the strain caused by the lattice mismatch
between the CdSe core and the ZnS shell; consequently, the
gradual change in composition ensures high luminescence
even if the thickness of the outer part of the QDs is more
than two atomic layers. Furthermore, the outer shell consists
of ZnS of a larger band gap;25 therefore, it effectively
confines excitons to the core. This structure will enhance
PL. As a result of the sequential reactions of precursors in
single-step synthesis of QDs with chemical composition
gradient, the QDs have chemical composition (or energy)
gradient, a smaller band gap in the core and a larger band
gap in the shell, which provides confinement and funneling
of holes and electrons to the core, reduction of defects due
to lattice mismatch, photostability, and high PL. Our
approach—single-step synthesis of QDs with chemical
composition gradient—will be a new method to produce
highly luminescent and photostable semiconductor QDs in
an efficient manner.

Summary

QDs with various emission wavelengths (500-610 nm)
were synthesized by a low-cost and simple method using
the difference in the reactivity of precursors at the reaction
temperature selected. We named this method as single-step
synthesis of QDs with chemical composition (or energy)
gradient. The QDs produced using this method have chemical
composition (or energy) gradient which relieves the strain
caused by the lattice mismatch between the CdSe core and
the ZnS shell; therefore, a gradual change in composition
ensures high luminescence of the QDs. The chemical
composition (or energy) gradient in the QDs helps the
confinement of carriers (electron or hole) to the core and
the funneling of carriers into the core; thus, it enhances the
PL QY and the photostability of the QDs. Highly luminescent
QDs can be produced on a large scale using the single-step
synthesis with chemical composition gradients. We also
produced water-soluble QDs by surface passivating them
with MPA. Further, we demonstrated that these QDs could
also be applied for optoelectronic materials or devices by
suitably surface passivating them.
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