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We have demonstrated an efficient method to prepare high-quality CdHgTe alloyed nanocrystals (NCs)
by making use of a large difference in the solubility between CdTe and HgTe in aqueous medium. The
resultant NCs show a gradient quasi “core/shell” structure in which the “core” is rich in HgTe and the
“shell” is rich in CdTe. This unique structure makes the photoluminescence (PL) quantum yield (QY) of
CdHgTe NCs up to 45% and remarkably improves their stability. The excellent stability of CdHgTe
NCs allows for the successful preparation of NC-polymer bulk composites with intense PL in the near-
infrared spectral region (tunable from 1100 to 1400 nm) upon excitation at 550 nm. Not only is the
difficulty of preparing the CdHgTe NC-polymer bulk composites overcome, but also the composites
show excellent thermal and luminescent stabilities, which is of importance for their future applications.

1. Introduction

Semiconductor nanocrystals (NCs) have attracted much
interest during the past decades because of their unique
quantum confinement effect and various potential applica-
tions.1 The NCs with emission in the near-infrared (NIR)
spectral region (e.g., 800-1500 nm) are particularly needed
and potentially useful for the applications such as bio- and
tissue-imaging and telecommunication.2 For example, the
fluorescence imaging of deep organs (e.g., liver and spleen
in mice) using visible fluorescent tags is hampered because
of the limited penetration depth of visible light. One possible
solution to this problem is to use NIR fluorescent NCs,

because the NIR light can penetrate the tissues deeper in
depth.3 Another advantage associated with the use of NIR
fluorescent NCs in biological imaging and detection is the
fact that there is little signal interference coming from the
autofluorescence and absorbance of the tissues within the
spectral window of 900-1300 nm. 4 Other potential ap-
plications of NIR fluorescent NCs involve their uses in new
waveguide devices for up-conversion and optical amplifica-
tion in telecommunication systems at wavelengths of 1.3 and
1.55 µm. 5

Much effort has been devoted to preparation of high-
quality Hg-based NCs. 6 In general, semiconductor NCs can
be prepared either in an organic medium at elevated
temperatures or aqueous medium at ambient temperature.
Usually, NCs grown in an organic medium at high temper-
atures, which facilitates the crystallization process, can
exhibit a high degree of crystallinity. However, it is quite
difficult to obtain Hg-based NCs with stable photolumines-
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cence (PL) from the aforementioned method because of the
instability of Hg-based NCs at high temperatures. Therefore,
Piepenbrock et al. reported the low-temperature (-78 °C)
preparation of HgTe NCs in organic solvents with a narrow
size distribution and high PL quantum yield (QY). 7 HgTe
NCs are often prepared in aqueous media, because aqueous
synthesis is generally simple and less expensive, and can be
easily scaled up. Weller, Gaponik, Rogach et al. reported
the synthesis of thiol-capped HgTe NCs with the PL QYs
up to 50% and demonstrated the electroluminescence of these
NCs as well. 8 Kovalenko et al. obtained HgTe NCs with
the PL QY up to 40% and demonstrated their use in solar
cells. 9 Qian et al. synthesized water-soluble CdHgTe/CdS
NCs with PL emission at 600-830 nm and used these NCs
for imaging in living animals.10

Despite of all the progresses made in the preparations and
applications of Hg-based NCs, the stability of these NCs is
one of the most major problems. Hg-based NCs show a poor
stability even at the ambient temperature, as indicated by
the changes in the intensity, position, and shape of their PL
spectra. The instability of Hg-based NCs makes it difficult
to incorporate them, without phase separation, into polymers
with the goal to develop processable bulk composite materi-
als for further application. As we have known, several
advantages can be envisaged with the use of NC-polymer
composites, such as a good processability of NCs brought
by the polymer, the improved long-term stability of NCs in
a polymer matrix and the very limited Förster resonance
energy transfer between NCs due to site isolation by polymer
chains.11 Recently, NC-polymer bulk composites with the
PL in the visible spectra region have been successfully
prepared by solving the problem of compatibility between
NCs and polymer.12 However, the preparation of NC-polymer
bulk composites with NIR emission is still a challenge. In
this case, one must ensure the chemical and thermal stability
of NCs under the polymerization conditions, such as radical
initiators and elevated temperatures (e.g., 100 °C), in addition
to a good compatibility with polymer matrix. Several
methods have been developed to incorporate Hg-based NCs

into the polymers, but they are limited to producing thin film
materials.13 Passivation by forming a core/shell structure with
the inorganic compounds, such as CdHgTe/CdS10 and CdTe/
HgTe/CdTe,8 can effectively stabilize the NCs. However,
the interface strain dramatically accumulates with the increase
in the shell thickness, because of the mismatched core/shell
structures, and can eventually be released only through the
formation of misfit dislocations. 14-16 Therefore, it remains
a challenge to develop new methods for the preparation of
stable, highly fluorescent NCs that are suitable for incorpo-
rating into the polymers.

With the aim of solving the problems mentioned above,
herein, we report an efficient one-step synthetic process for
producing gradient CdHgTe alloyed NCs. Such a special
structure imparts excellent PL properties and stabilities to
NCs, which allows for the successful preparation of trans-
parent bulk composites in various shapes with intense NIR
emission around 1300 nm.

2. Experimental Section

Materials. Tellurium powder (200 mesh, 99.8%) was purchased
from Aldrich Chemical Corporation. N,N-Dimethyloctadecylamine,
4-vinylbenzyl chloride, 3-mercaptopropionic acid (MPA), and
IR125 were purchased from Acros Chemical Corporation. CdCl2

(99+ %), HgCl2 (99+ %), and NaBH4 (99%) were all commercially
available. The synthesis of polymerizable surfactant, octadecyl-4-
vinylbenzyldimethylammonium chloride (OVDAC) and NaHTe,
was reported in the literature.11 All of the solvents were analytical
grade and used as received. Azodiisobutyronitrile (AIBN) was
recrystallized from ethanol prior to use. Styrene and methyl
methacrylate were distilled before polymerization.

Synthesis of CdHgTe NCs. To a N2-saturated aqueous solution
of CdCl2 and HgCl2 at pH 9 in the presence of MPA as a stabilizing
agent, was added the freshly prepared NaHTe solution. The ratio
of metal ion: MPA: HTe2- was 1:2.9:0.5 and the concentration of
metal ion was 3.75 × 10-3 M. The solution was then placed in an
oven at 40 °C for 30 min. The resulting CdHgTe NCs in aqueous
mediumwereeitheruseddirectlyforthepreparationofCdHgTe-polymer
bulk composites or precipitated by addition of i-propanol and
isolated by centrifugation for analysis by transmission electron
microscopy (TEM), powder X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and inductively coupled plasma atomic
emission (ICP) measurement.

Preparation of CdHgTe NC-Polymer Bulk Composites.
Twelve milligrams of OVDAC was mixed with 4 mL of styrene.
The OVDAC-styrene solution was added to 8 mL of CdHgTe
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aqueous solution with vigorous stirring. After being left on standing
for 2 h, the organic phase was separated and diluted with methyl
methacrylate with a specific ratio of 1: 9. After adding 0.2 wt %
AIBN, we heated the mixture of NC-containing styrene and methyl
methacrylate at 93 °C for 10 min. The resulting viscous liquid was
transferred into a mold and left in an oven at 60 °C for 15 h. The
temperature was then further increased to 80 °C for 15 h and 100
°C for 1 h. After cooling and demolding, transparent CdHgTe
NC-polymer composites were obtained.

Characterizations. UV-vis spectra were acquired on a Shi-
madzu 3600 UV-vis-NIR spectrophotometer. Fluorescence experi-
ments were performed on a PTI Fluorescence Master System. The
QYs of CdHgTe NCs were estimated using IR125 as a reference.
The absorbance of the samples and IR125 at the excitation
wavelength (765 nm) was below 0.1 in order to avoid any significant
reabsorption. TEM on the selected areas of the samples was
performed on a JEOL-2010 electron microscope operating at 200
kV. XRD was carried out using a Siemens D5005 diffractometer.
XPS was done on a VG ESCALAB MK II spectrometer with Mg
K excitation (1253.6 eV). ICP was carried out with PERKIN
ELMER OPTIMA 3300DV analyzer. Thermogravimetric analysis
(TGA) was carried out with an NETZSCH STA 449C analyzer
with a heating rate of 10 °C/min in N2 and scanned up to 800 °C.

3. Results and Discussions

3.1. Synthesis and Characterization of CdHgTe NCs.
CdHgTe NCs are usually synthesized in two steps. 8 CdTe
NCs are prepared first, and then mercury salt solution is
added to the CdTe solution. The HgTe shell is formed by
the substituting Cd2+ with Hg2+ at the surface of CdTe core.
Although this process can produce CdHgTe NCs with high
QY (40-50%), the size distribution is quite broad (e.g.,
400-500 nm width at half-maximum). A post-treatment by
size-selective precipitation is necessary to obtain CdHgTe
NCs with a narrower distribution. Above all, the resultant
NCs fail to preserve their PL after being incorporated into
polymers because of poor stability. In our case, CdHgTe NCs
were synthesized in one step. The reaction is straightforward,
simply by adding the freshly prepared NaHTe solution to
an aqueous solution of CdCl2 and HgCl2 in the presence of
MPA as a stabilizing agent. After standing at 40 °C for 30
min, the resulting CdHgTe NCs could be either used directly
for the preparation of CdHgTe NC-polymer bulk composites
or precipitated by addition of i-propanol and isolated by
centrifugation for further analyses and other uses. Table 1
lists the Cd/Hg feed ratio, resultant composition, PL peak
position, and the QY of obtained NCs. The factual compo-
nents determined by ICP are Cd0.46Hg0.54Te, Cd0.29Hg0.71Te,
Cd0.23Hg0.77Te, Cd0.14Hg0.86Te, and HgTe, corresponding to
the Cd/Hg feed ratios of 2.5, 1.25, 1, 0.8, and 0, respectively.

Figure 1 shows the absorption and PL spectra of CdHgTe
NCs with the same sizes prepared using different feed ratios
of Cd to Hg. Only one peak can be seen in the absorption
and PL spectra, which excludes the possibility to form HgTe
and CdTe NCs separately (Figure S1 in the Supporting
Information). A systematic red-shift in both the absorption
and PL spectra with an increase in the Hg content in NCs is
clearly evident. Interestingly, when the feed ratio of Cd to
Hg is close to 1, the PL peak position is almost identical,
but the peak shape is different to that of pure HgTe NC
(Figure 1b). Such a change in peak shapes indicates a strong
influence that Cd has brought on the PL properties of NCs.
In comparison with HgTe NCs, Cd0.23Hg0.77Te NCs show
much more clearly 1s-1s electron transition (bold traces in
Figure 1a). The Cd0.46Hg0.54Te NCs have the QY of 19%,
whereas the QY for Cd0.23Hg0.77Te NCs reaches 45% and
pure HgTe NCs have the QY of 20%.

To better understand the reason of the excellent PL
property of Cd0.23Hg0.77Te NCs obtained in this one-step
process, the NCs were characterized by TEM, XRD, and
XPS measurement. The TEM image of the MPA-capped
Cd0.23Hg0.77Te NCs indicates that the sizes of NCs are
uniform and about 3 nm in diameter (Figure 2a), which is
consistent with the calculated diameter from the XRD
patterns (Figure 2b). Selected-area electron diffraction
(SAED) and XRD patterns indicate that Cd0.23Hg0.77Te NCs
are highly crystalline and regular in shape. The crystal has
a cubic zinc blende structure, as reported in the literature.9

Table 1. Composition, PL Peak Position, and QY of CdHgTe NCs
with Different Cd/Hg Feed Ratios

Cd/Hg
feed ratio

resultant
compositiona

PL peak
position (nm) QY (%)

2.5 Cd0.46Hg0.54Te 940 19
1.25 Cd0.29Hg0.71Te 1085 43
1 Cd0.23Hg0.77Te 1125 45
0.8 Cd0.14Hg0.86Te 1135 39
0 HgTe 1135 20

a Refer to the molar ratio determined by ICP test.

Figure 1. (a) UV-vis absorption and (b) PL spectra of CdHgTe NCs with
different Cd/Hg feed ratios of 2.5, 1.25, 1, 0.8, and 0, corresponding to
Cd0.46Hg0.54Te, Cd0.29Hg0.71Te, Cd0.23Hg0.77Te, Cd0.14Hg0.86Te, and HgTe
NCs, respectively. The CdHgTe NCs with the highest QYs are the bold
traces.

Figure 2. (a) TEM image (inset: the SAED pattern) and (b) XRD pattern
of Cd0.23Hg0.77Te NCs.
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The presence of cadmium, mercury, sulfur, and tellurium
species in CdHgTe NCs is confirmed by XPS analyses
(Figure 3), showing characteristic Cd3d peak at 405.1 eV,
Hg4f at 99.9 eV, S2p at 163.4 eV, and Te3d at 572.2 eV.
Only two peaks in the XPS spectrum of element Te show
the NCs have not been photooxidated, indicating a good
passivation of these NCs.

3.2. Structure and Stability of CdHgTe NCs. The
reactivity difference is apparently brought by the different
solubility of HgTe and CdTe in water. Because the solubility
(Ksp) of HgTe in water is approximately 20 times lower than
that of CdTe,6a,8a the speed of nucleation for HgTe should
be much faster than that of CdTe when the concentration of
Hg2+ and Cd2+ is comparable. Therefore, the initial core
should be rich in Hg because of its more rapid reaction rate
for Hg (Scheme 1). As the free Hg ion is being depleted
from the reaction mixture, CdTe deposition becomes domi-
nant in the subsequent crystal growth. Consequently, the shell
rich in Cd is formed on the core surface, without much
mismatch owing to the similar crystallographic constants of
CdTe and HgTe, 8a yielding the alloyed NCs with Cd

concentration increasing from the core to the surface.
Because the outer layer is largely made of CdTe, it can act
as an encapsulating shell for the HgTe-rich core. Therefore,
it is believed that the NCs possess a quasi “core/shell”
structure.15 Another important factor for the formation of
this gradient structure is the ratios of Cd to Hg. A high ratio
results in the structure that Cd randomly distributes in the
NCs, whereas a low ratio leads to the incomplete formation
of CdTe-rich shell. Therefore, both the cases can not form
quasi “core/shell” structure and the QY as well as the stability
of their PL is poor.

To further confirm the quasi “core/shell” structure of these
NCs, changes in the Cd content during the growth of NCs
with different feed Cd/Hg ratios were analyzed by ICP. As
shown in Figure 4a, when the Cd/Hg ratio is higher than
2.5, the Cd content varies randomly, indicating a random
distribution of Cd in the NCs. This leads to the structural
defects and low QY of these NCs. When the Cd/Hg ratio is
lower than 2.5, the gradient alloyed structure begins to form,
indicated by the gradual increase in the Cd content during
the NC growth. Specifically, with an equal amount of Cd
and Hg, the gradient quasi “core/shell” structure is readily
formed. The ICP data indicate that the Cd content increases
gradually from 5.79 wt % at the beginning of the reaction
to 8.05 wt % after two hours. These NCs were also etched
with acid and then analyzed for their breakdown products
as a function of time by ICP. As shown in Figure 4b, within
a short etching time, the Cd wt % decreases abruptly for the
NCs with Cd/Hg ratios of 2.5, 1.25, 1, and 0.8, indicating
that the shell of the NCs is rich in Cd. With increasing the
etching time, the Cd content decreases gradually. Especially
for the Cd/Hg feed ratios of 1.25, 1.0, and 0.8, after 174-
min etching, the Cd wt % are found to be only 0.82, 0.65,
and 0.38 wt %, respectively, indicating that the core of these
NCs is rich in Hg. Thus, the results strongly suggest that
these ternary NCs have a gradient alloyed structure.

Unlike HgTe/CdTe core/shell NCs synthesized in two
sequential steps, our gradient alloyed NCs are prepared in a
single step and do not have a sharp boundary between the
Hg-rich core and the Cd-rich shell. Because of this gradient
alloyed structure, CdHgTe NCs exhibit the excellent photo-
physical properties (e.g., NIR PL and high QY), compared
to the core/shell NCs having a fairly sharp boundary. In
addition, this gradient alloyed structure provides a structural

Figure 3. XPS spectra of Cd3d, Hg4f, S2p, and Te3d for the Cd0.23Hg0.77Te
NCs.

Scheme 1. Formation of CdHgTe NCs with the Gradient
Alloyed Structure

Figure 4. Plot of the Cd (wt %) content vs (a) growth time and (b) etching
time with acid for CdHgTe NCs with the Cd/Hg feed ratios of 5, 2.5, 1.25,
1, and 0.8. The dashed line refers to the zero Cd (wt %) content.
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stability, free of surface stress, to the NCs, which can in
turn impart the desirable chemical and thermal stability to
CdHgTe NCs. Through monitoring the PL of Cd0.23Hg0.77Te
NCs, there is no change in peak intensity, position and shape
in its PL spectrum after two months storage (Figure S2 in
the Supporting Information). The highly luminescent stability
of CdHgTe NCs is necessary for these NCs to be incorpo-
rated into polymer matrix under the free-radical polymeri-
zation conditions at elevated temperatures.

3.3. Preparation of CdHgTe NC-Polymer Bulk
Composites. To incorporate CdHgTe NCs into polymer, a
good compatibility between NCs and monomer/polymer is
necessary. Consequently, aqueous CdHgTe NCs were first
transferred to styrene by extraction method using OVDAC
as a polymerizable surfactant. The NC-containing styrene
phase was then separated and mixed with another monomer,
methyl methacrylate. The bulk polymerization was initiated
using AIBN at 93 °C, proceeded at 60 °C for about 15 h, 80
°C for about 15 h, and 100 °C for 1 h. After cooling and
demolding, transparent CdHgTe-polymer bulk composites
were obtained (Scheme 2).

Figure 5 displays the PL spectra of bulk composites 1-5
preparing from the NCs with the Cd/Hg feed ratios of 2.5,
1.25, 1, 0.8, and 0, respectively, which correspond to
Cd0.46Hg0.54Te, Cd0.29Hg0.71Te, Cd0.23Hg0.77Te, Cd0.14Hg0.86Te,
and HgTe. The emission falls in the NIR spectral region
ranging from 1100 to 1400 nm. However, the PL intensity
varies significantly depending on the NC incorporated, which

implies the NC structure has an important influence on the
properties of composites. When the Cd/Hg ratio is higher
than 2.5, the random distribution of Cd ion results in the
structural defects in NCs, making the NCs unstable during
the polymerization, as evident by the red-shifted and largely
quenched PL of composite 1. When the Cd/Hg ratio is lower
than 2.5, the gradient alloyed structure begins to evolve. At
the Cd/Hg ratio of 1, the gradient quasi “core/shell” structure
of NCs makes composite 3 have the best PL properties in
terms of the intensity and peak shape (bold trace in Figure
5). This implies that the gradient alloyed structure can
effectively protect the NCs from being damaged by heat or
free radicals during the polymerization. When the Cd/Hg
ratio is below 1, the incomplete CdTe-rich shell makes
composite 4 have a lower PL intensity than composite 3.
For HgTe NCs without a protective shell, however, the PL
is quenched completely under the same measurement condi-
tions. Therefore, it can be concluded that one of the important
requirements for successful preparation of the CdHgTe
NC-polymer composites is the chemical and thermal stabil-
ity of the NCs, which is governed by their structures and
compositions.

3.4. Properties of CdHgTe NC-Polymer Bulk
Composites. The CdHgTe NC-polymer composites have a
cross-linked network structure with each of NCs as a cross-
linking point. Thus, CdHgTe NCs are locked in place within
the three-dimensional network, making them thermally and
optically stable.17 TGA showed the onset temperature for
thermal decomposition above 340 °C, being higher than that
of the host polymer (280 °C) and almost equal to that of
pure NCs (Figure S3 in the Supporting Information).
Although the composites possess cross-linked network, it
does not mean the materials lost their processiblity. CdHgTe
NC-polymer bulk composites in various shapes such as a
tube were obtained by varying the content of NCs in the
polymer as well as changing the ratios of copolymerization
monomers (Figure 6a). The covalent bonding between NCs
and polymer matrix through the OVDAC group also ensures
a good transparency of the composites. The distribution of
NCs in a polymer matrix is homogeneous, as indicated by
the TEM image (Figure 6b). The polymer coating on the
surface of the NCs further stabilize the NCs during the
polymerization, resulting in the improvement of their optical

(17) Demir, M. M.; Castignolles, P.; Akbey, Ü.; Wegner, G. Macromol-
ecules 2007, 40, 4190.

Scheme 2. Preparation of CdHgTe NC-polymer Bulk Composites

Figure 5. PL spectra of composites 1-5 prepared by using CdHgTe NCs
with Cd/Hg feed ratios of 2.5, 1.25, 1, 0.8, and 0, corresponding to
Cd0.46Hg0.54Te, Cd0.29Hg0.71Te, Cd0.23Hg0.77Te, Cd0.14Hg0.86Te, and HgTe
NCs, respectively.
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stability. The PL properties of both CdHgTe NC-polymer
composites and pure CdHgTe NCs were monitored over
weeks after being treated at 100 °C for 1 h. For the aqueous
CdHgTe NCs, a noticeable decrease in the PL intensity is
seen over time (Figure 7a). Neither the peak position nor its
shape could remain stable. These results indicate that the
unique fine structures of NCs are readily destroyed by the
high-temperature treatment without the polymer protection.
For the composites, in contrast, it was found that the peak
position and shape did not change as being monitored for 8

weeks (Figure 7b), which indicates the composite is very
stable. Clearly, the polymer chains can protect and stabilize
the fine structures and thus the luminescent properties of
these NCs, allowing their further uses in various applications.

4. Conclusion

By taking the advantage of a large difference in the
solubility between CdTe and HgTe in aqueous medium,
stable CdHgTe NCs, having a unique structure of HgTe-
rich core and CdTe-rich shell, were prepared by a one-step
process. The good stability of NCs, compatibility of poly-
merizable surfactant OVDAC with monomer, and covalent
bonding between NCs and polymers allow for successful
incorporation of CdHgTe NCs into polymer matrix. Realiza-
tion and availability of bulk composites with intense and
stable NIR emission at the telecommunication wavelength
of 1300 nm offer ample opportunities for further materials
innovation in optical communications, such as NC-polymer
composite-based waveguide devices for optical amplification
and up-conversion.
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Figure 6. (a) Optical photographs of CdHgTe NC-polymer bulk composites
in various shapes. (b) TEM image of Cd0.23Hg0.77Te NC-polymer composite
based on the microtome method. Inset is the SAED pattern.

Figure 7. PL spectra after heat treatment at 100 °C of (a) CdHgTe NCs in
aqueous solution and (b) the NC-polymer composites.
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