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Cadmium-doped zinc oxide nanocrystals in the quantum confinement region have been firstly
synthesized by a fast and facile sonochemical method. The alloyed structure of the nanocrystals is confirmed by X-ray diffraction, transmission electron microscopy, and infrared analysis. With the increase of cadmium to zinc molar ratio from 0 to 2.0, the crystallite sizes
of the samples decrease from 5.1 nm to 2.6 nm, and the band gaps of the samples show a
red shift then a blue shift, and a red shift again. The variations of band gaps of the samples can be interpreted by the crystallite size and the composition. It is found that both
the non-thermal equilibrium environment established in the sonochemical reaction and the
coordination ability of triethylene glycol solvent play crucial roles in the current preparation.
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to prepare many kinds of nanomaterials [17]. The extreme but transient local conditions caused by acoustic cavitation can establish a highly non-thermal equilibrium environment [17−19]. Phuruangrat et al. reported sonochemical synthesis of cadmium-doped zinc
oxide nanocrystals with an average crystallite size of
45 nm [20], however, no quantum confinement effect
can be found for these nanocrystals because of the large
crystallite size. Recently, lanthanide and cadmium ions
doped zinc oxide nanocrystals have been synthesized
via the sonochemical method in our laboratory [21−23].
It was found that cadmium content up to 40% can be
achieved, but the crystallite sizes of the samples are too
large to show the quantum confinement effect [23]. To
the best of our knowledge, cadmium-doped zinc oxide
nanocrystals in the quantum confinement region have
not been reported to date. Cadmium-alloyed zinc oxide nanocrystals possess additional properties that are
composition-dependent aside from the properties that
emerge due to quantum confinement effects. The study
of these materials is not only of fundamental interest,
because these materials are also important and useful
to construct appropriate ZnO-related heterostructures
or quantum well structures, which are the key elements
in ZnO-based light emitters and detectors [24, 25]. In
this work, cadmium-doped zinc oxide nanocrystals in
the quantum confinement region have been synthesized
via a sonochemical method for the first time. For the
samples with cadmium to zinc molar ratio from 0 to
2.0, the homogenous structure is confirmed by the Xray diffraction, transmission electron microscopy and
infrared analysis. These nanocrystals exhibit size and
composition-dependent band gaps. Moreover, a plausible formation mechanism has been proposed for the

I. INTRODUCTION

Since the beginning of the twentieth century, the
band gap engineering of semiconductor nanomaterials
has given rise to intriguing science [1−6]. Generally,
tuning the size of nanomaterials is one way of adjusting
the band gap energy [2]. Another means of tailoring
the semiconductor band gap is by changing the constituent stoichiometries of nanomaterials [3−6]. Zinc
oxide nanomaterials are of great importance because of
their excellent electronic, optical and luminescent properties [7, 8]. However, the construction of zinc oxide
nanomaterials with composition-dependent band gap in
the quantum confinement region remains a challenge for
scientists.
Cadmium-zinc oxide alloys have attracted increasing
attention for using as light emitting sources, transparent solar cells, biomedical imaging materials, and water
splitting reagents [9−12]. The wurtzite phase of zinc
oxide, however, is not compatible with the rock-salt
phase of cadmium oxide [13]. There have been a few
reports on the synthesis of cadmium-doped zinc oxide
nanomaterials via the sol-gel method, but the maximum
concentration of cadmium is usually below 10 mol%
[14, 15]. It thus suggests that preparation cadmiumdoped zinc oxide nanomaterials with a broad composition range should rely on the non-thermal equilibrium
growth condition [16].
The sonochemical method has become a powerful tool
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current sonochemical preparation.
II. EXPERIMENTS
A. Synthesis of cadmium-doped zinc oxide nanocrystals

Zinc acetate dihydrate (0.002 mol) and lithium hydroxide monohydrate (0.003 mol) were dissolved by
40 mL triethylene glycol in a 100-mL glass vial. Cadmium acetate dihydrate was then added to the above solution according to the molar ratio of Cd to Zn (denoted
as A). The value of A was 0, 0.15, 0.30, 0.60, 1.0 or 2.0,
respectively. Each solution was sonicated continuously
at room temperature in ambient air for 2 min, and the
final temperature of the solution was (96±10) ◦ C. The
sonication was operated with a VCX-750 ultrasonic generator at an electronic power of 500 W and an ultrasonic
frequency of 20 kHz. The solution was cooled in an icewater bath. Ethyl acetate was added to the above solution to precipitate the nanocrystals, and the precipitate
was redispersed in absolute ethanol. The precipitationredispersion treatment was repeated for several times
to purify the products thoroughly. The obtained colloids were used for further characterizations. Parallel
experiments were performed with the same procedure
described above, except for changes in solvents and the
ultrasound treatment.
B. Materials and physical techniques

All reagents and solvents for the syntheses and analyses were of analytical reagent grade (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). Transmission
electron microscopy (TEM) images were recorded on a
Jeol JEM-200CX microscopy. Absorption spectra of the
colloidal nanocrystals in ethanol were measured at room
temperature on a Shimadzu UV240 spectrophotometer.
The ethanol solutions of the samples were then vaporized and dried at 100 ◦ C. The obtained powders were
used for X-ray diffraction (XRD) and infrared analysis.
XRD experiments were performed on a Thermo Electron Corporation ARLX’TRA-48 X-ray diffractometer
using Cu Kα radiation. Infrared (IR) spectra were measured on a Nicolet Nexus 870 infrared spectrometer.
The actual cadmium to zinc molar ratios of the samples
were determined on a Shimadzu ICPS-7500 inductively
coupled plasma mass spectrometer.
III. RESULTS AND DISCUSSION
A. Structural study of cadmium-doped zinc oxide
nanocrystals

TEM imagines of Cd-ZnO nanocrystals are shown in
FIG. 1. It is found that the samples are uniform spherical nanocrystals with narrow size distributions. High
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resolution TEM images show that the samples have a
wurtzite structure. The crystallite sizes of the samples are inversely proportional to Cd2+ content, ranging
from 5 nm to 2.5 nm approximately.
XRD spectra of the samples are shown in FIG. 2. It
can be found that all the samples have a wurtzite structure. The XRD patterns in FIG. 1 correspond to (100),
(002), (101), (102), (110), (103), and (112) reflections
of a wurtzite structure (JCPDS Card 36-1451). The
results demonstrate there is no phase separation or separated nucleation of CdO or ZnO nanocrystals. The
alloyed structure is supported by the XRD spectra of
the nanocrystals, in which the diffraction peaks systematically shift to small angles with the increase of Cd2+
content. Although the lattice volumes of nanocrystals
may change with reducing the crystallite size because
of surface stresses, oxygen vacancies or broken coordination, the lattice spacing has been found to be stationary for pure ZnO colloids with diameters ranging from
2 nm to 5 nm [26]. The shifts of XRD peaks with the
increase of Cd2+ content are dominantly due to the size
difference between Cd2+ (0.97 Å) and Zn2+ (0.74 Å)
ions [27].
In the insert of FIG. 2, the lattice parameter c measured from XRD patterns of the nanocrystals exhibits a
linear relationship with the molar fraction of Cd2+ . The
variation of lattice parameter c from 5.21 Å to 5.44 Å
is in accordance with Vegard’s law, and is consistent
with the result of Cd-ZnO alloys [13, 28]. This further confirms the formation of homogeneous nanocrystals. Swafford et al. characterized the uniformity of
particles with the periodic removal of aliquots of the
growing nanocrystals, and analyzed the aliquots to determine composition [29]. The method is not suitable
here because of the very fast synthesis processes. Crystallite sizes of the samples have been determined using Scherrer’s equation, i.e., D=0.9λ/Bcosθ, where D
is the average crystallite size, λ is the wavelength of
0.15418 nm from Cu Kα radiation, B is the full-width at
half-maximum of the diffraction peak and θ is the Bragg
angle [30]. The crystallite sizes are 5.1, 4.1, 3.8, 3.2, 2.7,
and 2.6 nm, respectively, for the samples with A=0,
0.15, 0.30, 0.60, 1.0, and 2.0. The diffraction peaks of
the samples are broad and weak because of the small
crystallite sizes and the decrease of crystallinity. Actual
Cd/Zn molar ratios for the samples have been measured
by inductively coupled plasma mass spectrometer. For
the samples with A=0, 0.15, 0.30, 0.60, 1.0, and 2.0,
the measured values are 0, 0.15, 0.29, 0.58, 0.97, and
1.9, respectively.
IR spectra of the samples are shown in FIG. 3. One
broad IR absorption band appears around 464 cm−1
for pure ZnO sample, which is consistent with the calculated and experimental results for spherical ZnO particles [31, 32]. The maximum of Zn−O IR band shows
a systematical red shift from 464 cm−1 at A=0 to
449 cm−1 at A=2 in FIG. 3(b). It indicates a continuous lattice expansion due to the substitution of Cd2+ in
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FIG. 1 TEM images of cadmium-doped zinc oxide nanocrystals with different cadmium to zinc molar ratio A.

FIG. 2 XRD patterns of cadmium-doped zinc oxide
nanocrystals with different cadmium to zinc molar ratio A.
Relationship of lattice parameter c as a function of cadmium
molar fraction (inserted figure).

ZnO lattice. IR bands in the region of 1700−600 cm−1
correspond to C=O, C−O, and C−H vibrations of the
acetate group. No absorption bands of zinc hydroxide
or cadmium hydroxide can be found in the IR spectra. It suggests that no phase segregation or secondary
phase has formed for the samples.

B. Band gap study of cadmium-doped zinc oxide
nanocrystals

Absorption spectra of the samples are shown in
FIG. 4. The band gap Eg of the samples can be obtained with Tauc’s equation (αhν)=C(hν−Eg )n [33],
where α is the absorption coefficient, C is the constant
and hν is the photon energy. For crystalline semiconductors, the exponent n in Tauc’s equation can take the
DOI:10.1063/1674-0068/31/cjcp1708181

FIG. 3 Infrared spectra of cadmium-doped zinc oxide
nanocrystals with different cadmium to zinc molar ratio A.

value 1/2, 3/2, or 2 when the transitions are direct allowed, direct forbidden or indirect allowed, respectively.
The band gap Eg can be obtained from the extrapolation of the straight-line portion of the (αhν)1/n vs. hν
plot to hν=0. It is observed that for all the samples,
the best straight line is obtained for n=1/2, which is
expected for direct allowed transition of Cd-ZnO alloys
[16, 34]. The dashed curves in FIG. 4 show the best
fitted results.
The behavior of alloys is characterized by Vegard’s
Law [28], which states that, while lattice constant
changes linearly with composition, other physical properties such as band gap often vary nonlinearly. The nonlinearity is usually deemed to come from three sources,
namely, the volume deformation, the chemical electronegativity difference and the internal structural relaxation [35]. Moreover, in the case of nanocrystals of
any composition, quantum confinement also induces a
size dependence [36]. Thus the variation of band gap
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FIG. 5 Crystallite radius and composition-dependent band
gaps of cadmium-doped zinc oxide nanocrystals.

FIG. 4 Absorption spectra of cadmium-doped zinc oxide
nanocrystals with different cadmium to zinc molar ratio A.

energies of the samples can be attributed to both the
composition and quantum confinement effect. The experimental data were fitted by the expression:
EgCd-ZnO (x) = EgCdO x + EgZnO (1 − x) − bx(1 − x) (1)
where x is the molar fraction of Cd2+ in Cd-ZnO
nanocrystals, and b is the bowing parameter which describes the nonlinearity. For the samples of any composition, quantum confinement also introduces a size
dependence [36]:
Eg (R) = Egbulk +

h2
1.8e2
−
2
8µR
4πεε0 R

(2)

where Eg (R) is the band gap of the nanocrystals, R is
the radius of the crystal, µ is the effective mass of the
exciton, h is Plank’s constant, ε is the relative permittivity, ε0 is the permittivity of free space and e is the
charge on the electron. Substituting Eq.(2) into Eq.(1),
the dependence of band gap on crystallite size and composition can be derived as below [29]:
[
]
h2
1.8e2
Eg (x, R) = Egbulk CdO +
−
x+
8µCdO R2
4πεε0 R
[
]
h2
1.8e2
Egbulk ZnO +
−
·
8µZnO R2
4πεε0 R
(1 − x) − b(R)x(1 − x)
(3)
In Eq.(3), the bowing parameter b is treated as a
function of the nanocrystal radius. With the values of
Eg bulk and µ of CdO and ZnO [37], the band gaps have
been calculated based on Eq.(3). The results are shown
DOI:10.1063/1674-0068/31/cjcp1708181

in FIG. 5, where the solid lines are theoretical values at
certain radius of Cd-ZnO nanocrystals and the dots are
the experimental results.
It can be found in FIG. 5 that the samples are in the
quantum confinement region. The variation of the band
gap can be elucidated well based on the crystallite size
and the composition, yielding a constant bowing parameter of 0.61 eV for the samples. With the increase of
A from 0 to 0.3, the band gap decreases from 3.472 eV
to 3.375 eV. At low doping level, the variation of band
gaps mainly reflects the trend of the composition effect
because the crystallite sizes of the samples are relatively
large. With the increase of A from 0.3 to 1.0, the band
gap increases from 3.375 eV to 3.508 eV. This is because
that the crystallite sizes of the samples are small and
the quantum confinement effect plays a main role in the
band gap energy. With further increase of A from 1.0
to 2.0, the band gap decreases again. As the crystallite sizes of the samples with A=1.0 and 2.0 are quite
similar, the remarkable increase of Cd2+ content in the
sample results in the decrease of the band gap energy.
For Cd-ZnO alloys, the reported values of bowing parameter deviate between different studies. The value of
bowing parameter in this work is less than the values
of 1.26 and 0.95 eV [38, 39], but is greater than the
values of 0.45 and 0.54 eV [27, 40]. This is presumably
due to different crystal structures and analytical methods. It might have been expected that the small change
in lattice spacing, the surface effect and surrounding
environment of nanocrystals can significantly impact
the bowing parameter. The result in this work indicates that those effects mentioned above are not strong
enough to impact the bowing behavior of the samples.
The bowing parameter is in fact not sensitive to radius,
in agreement with previous works on Znx Cd1−x Se and
CdSx Se1−x [29, 41].
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FIG. 6 Schematic illustration of the formation process for cadmium-doped zinc oxide nanocrystals in triethylene glycol upon
ultrasonic irradiation.

C. Sonochemical formation mechanism of the
nanoparticles

In order to investigate the effect of both solvents
and the irradiation of ultrasound on the preparation of the products, parallel experiments were carried
out. Anhydrous ethanol or an ionic liquid, 1-butyl-3methylimidazolium tetrafluoroborate has been chosen
to substitute for triethylene glycol. Anhydrous ethanol
is the most commonly used solvent in sol-gel preparation of ZnO nanocrystals. The ionic liquid has a negligible vapour pressure and a high decomposition point
(300 ◦ C), which is similar to triethylene glycol with a
high boiling point (287 ◦ C). Experimental results show
that only mixtures of CdO and ZnO can be obtained
in the two parallel reactions. Moreover, the parallel experiment without ultrasound treatment shows that no
products can be obtained. These results demonstrate
that both the ultrasonic irradiation and triethylene glycol play crucial roles in the present preparation.
Based on the above experimental results, a plausible
preparation mechanism of Cd-ZnO nanocrystals is proposed in FIG. 6. In the presence of LiOHH2 O, metal acetates transfer to basic acetate precursors, denoting as
Zn-OAc and Cd-OAc [42]. Upon ultrasonic irradiation,
highly non-thermal equilibrium environment can be established in triethylene glycol solution. This favors homogenous nucleation processes through hydrolysis and
condensation reactions of the basic acetate precursors.
For the wurtzite crystal, the top surface (0001) is Zn2+
or Cd2+ terminated and the bottom surface (0001̄)
is O2− terminated. Additionally, the wurtzite crystal
has other O2− terminated surfaces. The wurtzite crystal needs the smallest active energy to grow along the
(0001) direction [25]. However, triethylene glycol can
strongly coordinate to metal ions on this surface, prohibiting the anisotropic growth of the nanocrystals. Although triethylene glycol can also form hydrogen bonds
with terminated O2− ions, some active sites can be proDOI:10.1063/1674-0068/31/cjcp1708181

duced randomly on the surfaces of ZnO nuclei due to the
enhanced mobility triggered by the ultrasonic irradiation. This reaction environment results in the isotropic
growth of spherical nanocrystals.
With the increase of Cd2+ content, the crystallinity
of the samples decreases remarkably, which will prevent
the continuous growth of wurtzite crystals. Meanwhile,
triethylene glycol can effectively stabilize the small crystals by coordination bonds or hydrogen bonds with terminated metal ions or O2− ions on the surfaces of the
crystals, resulting in the decrease of the crystallite size.

IV. CONCLUSION

Cadmium-doped zinc oxide nanocrystals have been
firstly synthesized in the quantum confinement region.
The band gaps of the samples can be interpreted well
based on both the quantum confinement effect and
the constituent stoichiometry. The formation of the
nanocrystals mainly arises from the non-thermal equilibrium environment established in sonochemical reaction and the coordination ability of triethylene glycol. The fast, facile and green sonochemical approach
is promising to prepare other nanomaterials with nonequilibrium structures.
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