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Raman, absorption and photoluminescence (PL) spectra of ternary alloyed
CdSe1�xTex quantum dots (QDs) with various values of x have been studied at
room temperature. The average diameter of QDs is about 5.1 nm. The actual
chemical composition was estimated by Raman spectroscopy. The values of
1.13 ± 0.06 eV and 1.01 ± 0.03 eV for the band gap bowing coefficient were
obtained by fitting the composition dependence of the band gap and the PL
peak energy, respectively, to the nonlinear Vegard formula. The PL quantum
yields (QYs) were in the range of 24–53%. The relationship between PL peak
wavelengths and quantum yields was investigated. It is shown that the QY
dependence on the composition is associated with the crystalline quality of the
alloy.
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INTRODUCTION

Ternary alloyed CdSe1�xTex quantum dots (QDs)
have attracted great attention for their advantages
over their CdSe and CdTe binary base compounds
regarding applications in photovoltaic devices, QD
sensitized solar cells, biosensing and bioimaging
instruments.1–4 One of these advantages is the
ability to tune the optical properties of the materials
by controlling and altering the chemical composition
without changing the QD size.5 For certain values of
composition x, the absorption and emission range of
CdSe1�xTex QDs can be extended to the region of
longer wavelengths than that of CdSe and CdTe
QDs of the same size, i.e., the band structure
parameters of such alloys are dependent on compo-
sition x. Thus, in addition to the size quantization

effect, the component control provides an additional
tool for adjusting the physicochemical properties of
alloys. Therefore, the knowledge of the chemical
composition is important when interpreting mate-
rial properties that are composition-dependent.
Normally, when making an alloy, it is common to
estimate the chemical composition according to the
composition of the starting precursors. However,
the actual composition obtained in a fabricated
material is not always the same as the initially
selected ingredient, so it is necessary to determine
the actual composition.

For determining the chemical composition of an
alloy there are several methods such as Raman
spectroscopy,6,7 X-ray diffraction (XRD),8,9 and X-
ray photoelectron spectroscopy (XPS).10,11 Energy-
dispersive X-ray spectroscopy (EDX) is also used to
determine element composition.12 The method
based on Raman measurements is shown to be fast
and efficient with sufficient accuracy.7 It is
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particularly useful to estimate the composition of
nanocrystals of small size.

It was established that, at constant temperature,
the lattice parameter and the composition of
isostructural, isovalent semiconductor alloys obey
approximately the known empirical Vegard’s rule,13

which states the linear relationship between these
two quantities

aðxÞ ¼ ð1 � xÞað ABÞ þ xað ACÞ : ð1Þ

Here að ABÞ, að ACÞ and a(x) denote the lattice
constants of A-based compounds AB, AC and their
mixed alloy AB1�xCx, respectively. It was also found
that some physical properties of the alloys vary
nonlinearly with composition. The nonlinear chang-
ing of the band gap with the component x is called
‘‘optical band gap bowing’’. The bowing formula for
the band gap EgðxÞ of the bulk random alloy
CdSe1�xTex has the form of a modified Vegard’s
formula14,15

EgðxÞ ¼ ð1 � xÞEgð CdSeÞ þ xEgð CdTeÞ � bxð1 � xÞ ;
ð2Þ

where b is the optical bowing coefficient defining the
extent of nonlinearity in the variation of the band
gap with the composition. Egð CdSeÞ and Egð CdTeÞ
are the band gap of the binary bulk constituents.
From Eq. 2 the bowing parameter b of the alloy is
given by

b ¼ EgðxÞ � ð1 � xÞEgðCdSeÞ � xEgðCdTeÞ
xð1 � xÞ : ð3Þ

A theoretical model from first principles using the
density-functional formalism was proposed by Zun-
ger et al. in,14,16 according to which the mismatch in
the size and the chemical electronegativity of the
alloying atoms, and the different lattice constants of
the constituent structures result in the observed
optical bowing. Based on this theory, the nonlinear
effect for bulk alloy materials was successfully
predicted and explained.

The quadratic relationship (2) is operative in
some classes of semiconductor alloys and the bowing
coefficient b, being positive or negative,17 is almost
constant with respect to composition x.14 However,
for alloys with large difference in the size and
chemical properties of the atoms, for example, for
CdSxTe1�x, the bowing coefficient may depend
strongly on alloy composition.14,18,19

For nanocrystals, Bailey and Nie 5 have experi-
mentally found the nonlinear relationship between
the absorption/emission energies and the composi-
tion of alloyed CdSeTe QDs. They claimed that the
observed nonlinear dependence is not solely caused
by quantum size effect, although quantum confine-
ment could play a certain role, and believed the
mechanisms of optical bowing suggested by Zunger
and co-workers are effective for nanoscopic alloys as
well.

A number of theoretical and experimental studies
on the optical bowing effect in alloyed ternary II-VI
semiconductor QDs have been reported.20–28 Gurus-
inghe and co-workers measured emission energies
of CdSxTe1�x alloy QDs and revealed a strong
nonlinearity in the dependence of the band gap on
the S molar fraction.21 Another alloyed ternary QD
of II-VI group, CdSxSe1�x QDs, have been thor-
oughly studied.22–25 The variation of the band gap of
CdSxSe1�x QDs with size and composition has been
experimentally studied by Swafford et al.22 Apply-
ing the Vegard’s relation, Eq. 2, they found that the
bowing constant is actually the same for all QD
sizes over the range of the experiment and is of the
value similar to the bulk one. The composition
nonlinear dependence of the band gap in CdSxSe1�x

alloy QDs is also supported by the work of Ingole
and co-workers23 who studied the optical bowing
effect both experimentally and theoretically.
Tatikondewar and Kshirsagar performed theoreti-
cal calculations based on the density functional
theory to investigate band-gap bowing in alloyed
CdSxSe1�x QDs.24 Plotting the variation in energy
gap as a function of the sulfur composition, they
showed that the curves for QDs of different diam-
eters had almost the same curvature. This fact
reflects that the bowing constant is weakly depen-
dent on the size of QDs. Furthermore, the energy
gap bowing in QDs is slightly stronger than in the
bulk. In contrast, the optical measurements
reported in25 show that the optical band gap of
CdSexS1�x QDs changes almost linearly with the Se
concentration. Ternary alloy QDs of binary com-
pounds CdSe and CdTe have also been studied with
regard to composition-dependent optical proper-
ties.26–28 The results of these investigations showed
that the composition dependence of the optical band
gap in alloyed CdSeTe QDs follows the quadratic
polynomial form of Eq. 2, but the magnitude of the
bowing constant is different among these works and
in relation to its magnitude for bulk alloys reported
in the literature. Therefore, further studies of the
bowing effect in alloyed CdSeTe QDs are needed to
make clearer whether the dependence of the band
gap on composition in these QDs follows the non-
linear law and how the band gap bowing in QDs
compares with that in the bulk.

In this paper, we present Raman scattering
method for determining the chemical composition
of alloyed CdSe1�xTex QDs. Using absorption and
photoluminescence (PL) spectra we study the opti-
cal bowing effect and estimate the bowing constant
of these QDs. We also determine the quantum yields
(QYs) of the alloyed CdSe1�xTex QDs and try to
explain the tendency of QY changing with the Te
composition. Photoluminescence QY is a physical
parameter used to evaluate the quality of the
fluorophore. For applications, QDs should have high
QYs.
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EXPERIMENT

The procedure for preparing ternary alloyed
CdSe1�xTex QDs has been described in detail in
our previous papers.29–31 Here we will give only a
brief description of the fabrication. The sources of
Cd, Se and Te were provided by reagents: acetate
dehydrate (Cd (Ac)2.2H2O), selenium powder, and
tellurium powder, respectively. Oleic acid (OA) was
used as surface ligand and 1-octadecence(ODE) and
triotylphosphine (TOP) as the reaction medium. The
best conditions for the QD synthesis were found
after careful investigation: the growth temperature
is 2600C, and the growth time is 10 min.

CHARACTERIZATION

The Raman scattering measurement was per-
formed at room temperature on a XploRA-Horiba
micro-Raman spectrometer. Light of 532-nm wave-
length from a solid state laser was used for excitation.
The incident laser light was focused on the sample to
a spot of 1 lm in diameter. The spectral resolution
was 2 cm�1. The acquisition time ranged from 30 s to
120 s, but normally was 30 s. A charge coupled device
(CCD) with four gratings with 600 slits/mm, 1200
slits/mm, 1800 slits/mm and 2400 slits/mm was used
to detect scattered light from the sample. The mea-
suring range was from 100 cm�1 to 4000 cm�1.

Transmission electron microscopy (TEM) mea-
surements were carried out using a JEOL Jem 1010
microscope operating at 100 kV. The TEM images of
the CdTeSe QD samples have been presented in Ref.
30. The average QD size of 5.1 nm was determined
from the obtained TEM images. The alloy structure
was analyzed by powder X-ray diffraction (XRD)
patterns. For all samples, the crystal lattice was
found to be a zinc-blende structure.

The ultraviolet-visible (UV-Vis) absorption spec-
tra were measured within the wavelength range of
200–1000 nm using a Shimadzu (UV-1800) UV-Vis
spectrophotometer. The PL spectra were measured
using a Fluorolog-322 system (Jobin-Yvon), the
excitation at 532 nm was provided by a Xenon 450
W lamp. The detector is a photomultiplier, measur-
ing range from 250 nm to1000 nm. All PL spectra
were measured under the same conditions. The
solution concentrations were adjusted in order to all
present an optical density of 0.03 at 532 nm so that
the emission intensities of the different samples can
be compared (although affected by the measure-
ment system spectral response). For QY measure-
ment we excited the sample as well as the known
dye (Rhodamine 101) in ethanol as reference (QY =
96%) with the 532-nm light.

RESULTS AND DISCUSSION

Chemical Composition Determination

We have determined the chemical composition of
alloyed CdSe1�xTex QDs by using Raman spectra,

and compared it with the initial precursor concen-
tration. The Raman spectra of the QDs measured at
room temperature are presented in Fig. 1. It is seen
that the first-order Raman spectra exhibit a two-
mode behavior with CdTe-like (LO1) (about 159
cm�1) and CdSe-like (LO2) (about 189 cm�1) longi-
tudinal optical phonon peaks.32 The second-order
peak is situated at higher frequency. Because of
non-resonant Raman regime, in the second-order we
can observe only one broad peak of combination
mode (LO1+LO2) at about 350 cm�1. The first-order
longitudinal optical phonon frequencies (CdTe-like
and CdSe-like) are used to determine the alloy
composition because they change with the composi-
tion. The peak intensity of the phonon modes also
change with composition x. As seen from Fig. 1,
when x increases, the CdSe-like mode peak shifts
toward the CdTe-like one, and both coincide with
the LO phonon frequency of CdTe at x ¼ 1. At the
same time, the peak intensity of CdTe-like mode
increases and, conversely, the intensity of CdSe-like
mode decreases.

To determine the chemical composition of alloyed
CdSeTe QDs using Raman spectra, it is assumed
that the change of the Raman frequency with
composition is the same for the bulk and QD
samples.6 Comparing the Raman optical-mode peak
positions for QDs with those of the bulk of the same
composition, we can assess the composition of the
alloyed QDs. In principle, we can use either phonon
frequencies of CdTe-like mode (x LO1) or CdSe-like
mode (x LO2) of CdSe1�xTex QDs. However, the
phonon frequencies in nanocrystals are affected by
phonon confinement and other effects (e.g., strain
from the medium surrounding nanocrystals).7,33,34

The phonon confinement may cause a redshift of the
Raman peak frequency, whereas the shift due to
strain is opposite, so an error exists when deter-
mining the composition by using only one phonon
mode. Since both LO1 and LO2 modes are affected
by these effects in a similar way; the error can be
limited if we use the frequency difference of the LO1
and LO2 phonons.6 Figure 2 presents the difference

Fig. 1. Raman spectra of ternary alloyed CdSe1�xTex measured at
room temperature. The excitation wavelength is 532 nm.
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between the LO1 and LO2 phonon frequencies as a
function of composition for our QDs and for the bulk
CdSe1�xTex sample.35

The composition x of alloyed CdSeTe QDs esti-
mated as starting precursors ratio and the corre-
sponding composition determined by Raman spectra
are presented in Table I. Raman spectra are used to
determine the composition of CdSxSe1�x nanocrys-
tals; the authors of Ref. 6 achieved an accuracy as
high as Dx ¼ �0:03. In our case, the accuracy is
lower, Dx ¼ �0:05, especially for the compositions
close to the base binary compounds CdSe and CdTe.
At these values of composition, the CdTe-like and
CdSe-like bands are less separated or the intensity
of one band becomes weaker, and then it is difficult
to determine accurately the peak position of the
band. As seen from Table I, the amount of Te
present in the alloys is larger than its estimate from
initial precursors ratio (nominal composition). It
may be because Te reacts much faster with Cd
relative to Se.5

We have also determined the chemical composi-
tion by X-ray diffraction (not shown here). The
results are similar to that determined by Raman
spectra. Therefore, we can say the Raman technique
is suitable for determining composition of alloyed
QDs. For these QDs with two-LO-phonon-mode
behavior, the accuracy of this technique is high for
compositions at which the two modes are clearly
distinguished.

Bowing Effect

The absorption spectra of the alloyed CdSe1�xTex
QDs measured at room temperature are shown in
Fig. 3. As seen from the figure, the slope of absorp-
tion curves varies with the Te composition in the
QDs. The intercept of the slope and the wavelength
axis represents the absorption onset whose compo-
sition dependence also describes the same depen-
dence of the optical band gap of the sample.
Therefore, we will denote the absorption onset as

the band gap Eg. Depending on the value of x, the
absorption onset can range from 650 nm to 800 nm:
with increasing x, the absorption onset moves from
646 nm (for CdSe, x ¼ 0 ) to 800 nm (at x ¼ 0:57) and
then back down to 674 nm (for CdTe, x ¼ 1). This
means that the absorption of CdSe1�xTex alloy QDs
can be shifted to wavelengths longer than that of
CdSe and CdTe, i.e. the optical band gap of ternary
CdSe1�xTex QDs is smaller than the band gap of
both CdTe and CdSe constituents. This fact is
reflected in Fig. 4. The composition dependence of
the band gap of bulk alloyed CdSe1�xTex is also
plotted for comparison. The optical bowing effect is
clearly shown in the plots. A similar shape of the
composition band gap curve is also found in Refs.
5,14,19,26,36,37. A minimal Eg is observed for our
QDs at x � 0:5, different from x � 0:4 in Refs. 36,37
for bulk alloy, x � 0:6 (for both QDs and the bulk) in
Ref. 5. This value of x for QDs is consistent with that
estimated in Ref. 26 where the minimum in Eg is
found at x � 0:5 for both QDs and bulk alloys. In
contrast, although Han et al.28 confirmed the non-
linear dependence of the band gap energy on the
composition in QDs, they revealed a gradual
decrease of the band gap with increasing Te com-
position in CdSe1�xTex QDs from CdSe (x ¼ 0) to
CdTe (x ¼ 1), i.e., the minimal Eg is in CdTe QDs.

There are various values of the bowing parameter
b for CdSe1�xTex alloys reported in the literature.
The bowing curves obtained from absorption exper-
iment are described by the coefficient b of 0.8 eV,37

0.94 eV38 for bulk samples, and 0.59 eV,39 2.07 eV40

for thin films. Theoretical calculation provides a
value of 0.75 eV for b in bulk CdSeTe alloys.14 As
regards alloyed CdSe1�xTex QDs, the measured
bowing coefficient b ¼ 0:50 eV was reported in Ref.
28. This value is smaller than the bulk one. Fitting
our absorption data by formula (2) (Fig. 4), the best
fit value for the bowing coefficient is b ¼ ð1:13 �
0:06Þ eV. We obtained also the fitting value b ¼
ð1:06 � 0:01Þ eV for bulk data extracted from Ref. 5.
Our results showed that, in contrast to the results of
Ref. 28, the bowing effect in CdSeTe alloyed QDs is
somewhat stronger (with greater b) than in the
bulk. This means the composition may have greater
influence on nanocrystals than on the bulk.

Figure 5 displays photoluminescence (PL) spectra
measured at room temperature for alloyed
CdSe1�xTex QDs with various values of Te compo-
sition. All PL spectra exhibit a clear band-edge
emission peak with full width at half-maximum
(FWHM) of about 80 nm. This means the alloyed
CdSe1�xTex QDs are pure and have a large size
distribution (with an average diameter of 5.1
nm).The PL peak energy in dependence on Te
composition is presented in Fig. 6 for CdSe1�xTex
QDs. Since the PL peak energy defines the band gap
Eg of the sample, it can be seen from this figure the
variation of the band gap of alloyed QDs with
tellurium content. The Eg data from PL

Fig. 2. The difference of CdSe-like (x LO2) and CdTe-like (x LO1) LO
mode frequencies versus composition x for CdSe1�xTex QDs (solid
circles) and the bulk sample (solid squares). The solid line is the
linear fit to the bulk data taken from35.
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measurements for alloyed CdSe1�xTex QDs reported
in Ref. 27 are also included in the figure for
comparison. It is seen again that the minimal PL
peak energy of our samples is observed for Te
composition x � 0:5. This value is consistent with
that in absorption onsets and smaller than that in
Refs. 27, 36, 41.

The fits to experimental Eg data using Eq. 2 are
displayed in Fig. 6 as solid lines. The fitting bowing
constant for our samples is b ¼ ð1:01 � 0:03Þ eV.
This value of b is smaller than our value 1.13 eV
obtained from absorption spectra reported above.

Fitting the data from Ref. 27 provides a value of
1.33 eV for the bowing constant, which is greater
than our value of 1.01 eV. Our bowing constant for
QDs is slightly greater than the 0.97 eV value
estimated from PL spectra of CdSeTe films in Ref.
42, the experimental value 0.78 eV27 and the
theoretical 0.904 eV41 for the bulk counterparts.
The large values of the bowing parameter obtained
from PL spectra in alloyed QDs compared with bulk
alloys once again support the conclusion of the more
significant influence of composition in the nanocrys-
tals mentioned above. It should be noted that the
authors of Ref. 24 also found that the bowing
coefficients in bulk samples were smaller than in
CdSxSe1�x QDs of different sizes.

Since the band-edge peaks in PL spectra are quite
clear, the peak positions can be well determined.
Consequently, the band gap energies determined
from PL spectroscopy for alloyed QDs with different
composition are more accurate than in the absorp-
tion case in the present study, resulting in better
bowing coefficient in value.

Quantum Yield

We have measured relative PL quantum yields
(PL QYs) of alloyed CdSe1�xTex QDs. The results
are displayed in Table II. As seen in the table, as x
increases from 0.37 to 0.57, the emission peak
position increases from 731 nm to 756 nm and QY
increases from 24.9% to 52.6%. As x continues to
increase from 0.64 to 0.70, the peak position

Table I. CdSe1�xTex alloy QDs composition determined from initial precursors ratio (nominal composition)
and by Raman spectra (actual composition).

Nominal composition Difference ðx LO2 � x LO1Þ (cm�1) Actual composition

0.2 45.46 0.37
0.4 36.89 0.54
0.5 35.51 0.57
0.6 31.97 0.64
0.8 28.95 0.70

Fig. 3. Absorption spectra of CdSe1�xTex QDs with different
composition x.

Fig. 4. CdSe1�xTex band gap Eg as a function of Te composition,
solid circles for QDs and solid triangles for the bulk (extracted from
Ref. 5). Solid lines are the fits using formula (2).

Fig. 5. PL spectra of CdSe1�xTex QDs with different composition x
measured at room temperature. The excitation wavelength is 532
nm. In the inset are the normalized spectra.
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decreases from 731 nm to 720 nm and QY decreases
from 53.4% to 27.1% as well. Figure 7 shows the
dependence of PL peak wavelength and QY on Te
composition x where the solid lines are just a guide
to the eye. It can be said that the emission
wavelengths and QY follow almost the same trend
in composition dependence.

It is thought that a relationship between QY of
alloyed CdSe1�xTex QDs and their crystallinity may
provide a possible explanation for the change of QY
with composition. According to Wei et al.,14

CdSe1�xTex alloy has a bowing coefficient larger
than the band gap difference of the binary con-
stituents (1.72 eV for CdSe and 1.48 eV for CdTe at
300 K). A minimal band gap Eg occurs at a Te
content of x < 1. At low Se content, i.e. x � 1;
therefore, adding Se into CdTe reduces the band
gap of the alloy (the right half of the bowing curve in
Figs. 4, 6). The FWHM of the PL spectra, in this
case, increases and the QY also increases. Further
increase of Se content, i.e., decreasing the Te
content from x ¼ 0:6 to x ¼ 0:37, leads to an increase
of the band gap (the left half of curves in Figs. 4, 6),
but at the same time, this makes the quality of the
alloy worse due to the large miscibility gap and the
poor p-type dupability of CdSe. A decrease in the
quality of the alloy means, among others, a decrease

in the crystallinity of the alloy. This is reflected in
the reduction in the strength ratio between the
second-order LO Raman peaks and the fundamental
one, since the strength and sharpness of the high-
order phonon peaks are generally sensitive to the
degree of the crystalline perfection.43 From Raman
data of CdSe1�xTex alloy QDs (Fig. 1) we obtained
the change of the intensity ratio with composition as
follows. As x decreases from 0.70 to 0.64 (Se content
increases from 0.30 to 0.36), the ratio increases from
0.26 to 0.29, that means the crystallinity (and the
quality) of the QDs increases. For x ¼
0:57; 0:54; 0:37 the ratio decreases gradually and
has values 0:41; 0:3 and 0.08, respectively, indicat-
ing the decrease of the crystallinity and the quality
as well. Reducing the quality of the alloy QDs leads
to a decrease of their QY (see Fig. 7). It should be
noted that for alloyed CdSeTe QDs we can find the
same trend in Se composition dependence of the
second-order Raman peaks in Ref. 43, and of the
quantum yields in Refs. 44,45.

CONCLUSION

In summary, we have studied the Raman spectra,
absorption and photoluminescence properties of
ternary alloyed CdSe1�xTex QDs
(x ¼ 0; 0:37; 0:54; 0:57; 0:7; 1) at room temperature.
The chemical composition was estimated using
Raman spectroscopy. The accuracy of the estimation
is of Dx ¼ �0:05 but worse for small x. The bowing
coefficient has been determined by fitting the com-
position dependence of the band gap and PL peak
position energy to the nonlinear Vegard formula.
The better value of the bowing coefficient is
(1:01 � 0:03) eV obtained from PL peak position
analysis. This value for alloy CdSeTe QDs is greater
than that for the bulk counterpart, indicating a
more significant influence of chemical composition
on nanocrystals than on the bulk. The PL peak
positions, PL FWHM and QYs of QDs are related
each other. The highest QY is 53.4% achieved at

Fig. 6. PL peak energy as a function of Te mole fraction x of
CdSe1�xTex QDs. For comparison, the data from Ref. 27 are
marked as solid triangles. Solid lines are the fits using formula (2).

Table II. The PL peak position and quantum yield
of alloyed CdSe1�xTex QDs measured at room
temperature.

x PL Peak position (nm) PL QY(%)

0 630
0.37 731 24.9
0.54 742 41.0
0.57 756 52.6
0.64 731 53.4
0.70 720 27.1
1.00 658

Fig. 7. PL peak wavelength (solid circles) and PL QY (asterisks) for
CdSe1�xTex alloyed QDs as a function of Te mole fraction (x). The
solid lines are for a guide to the eyes.
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x ¼ 0:64 and the lowest is 24.9% at x ¼ 0:37 over the
composition range of the experiment. Quantum
yields and PL peak wavelengths have a similar
trend in composition dependence. This behavior
may be related to the alloy’s quality (the crys-
tallinity) dependence on the composition. This leads
to suggestion that there might be a close relation
between the alloyed QDs QY and the alloy quality in
general, and the alloy’s crystallinity in particular:
the better the alloy crystallinity the higher QY. To
the best of our knowledge, there are no reports on
the connection of alloy QY with its crystallinity and
composition in existing literature. Therefore, these
results might be of certain significance in the
preparation and application in photovoltaic devices.
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