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Photoacoustic (PA) technique has been applied to study the optical and thermal properties
of the alloyed CdTexS1�x (nanocrystals (NCs) with different (Te/(SþTe)) molar ratio (x¼0,
0.2, 0.4, 0.6, 0.8 and 1). Increasing x value causes clearly observed red shift of the
corresponding exciton peak in PA spectra. The same spectra were compared to those
obtained by a regular UV–Vis. absorption. The effective mass approximation (EMA) model
was applied to determine the size of the NCs. The calculated sizes of the alloyed NCs are in
a good agreement with the directly measured values obtained using high resolution
transmission electron microscopy (HRTEM). The values of thermal diffusivity and thermal
conductivity obtained using PA technique show at least an order of magnitude larger than
that of the bulk values.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the last few decades, the main efforts have been
focused on II–VI (CdSe, CdTe, ZnSe and CdS) semiconduc-
tor nanocrystals (NCs), due to their unique size-dependent
optical and thermal properties [1–4]. However, tuning
their properties by changing the particle size may causes
problems in some applications, in particular, if unstable
small particles (less than 2 nm) are used. This is because
very small NCs with a short emission wavelength remain
very different to passivate and exhibit unstable optical
properties [5]. To overcome these problems, a new class of
alloyed semiconductor NCs have been studied [5,6] to
provide a way for continuous tuning of their energy band
gap without changing the particle size. Semiconductor
alloyed NCs (ABxC1�x) [7,8] are becoming increasingly
important in many areas of nanoscale engineering because
of the continuous tunability of their physical and optical
All rights reserved.
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awi).
properties through gradual variation of the composition
variable x. Owing to their superior luminescent properties
that are on par with binary NCs ternary alloys are nowwell
suited for many practical realizations, including quantum
dot-based LEDs [9], where emission at a specific wave-
length is often required; in vivo imaging [8,10], where
small diameter infrared fluorescence labels are preferred;
and solar cells [4,11–13], where a wide range of absorption
and the small size of NCs sensitizers are required. The band
gap of CdTexS1�x alloyed NCs can be adjusted by varying
the tellurium molar ratio, spanning the compositional
range from pure CdS (x¼0) to pure CdTe (x¼1), where
the band gap energies ranges from the UV to Near Infra
Red region. This makes CdTexS1�x NCs a potentially favor-
able material for photovoltaic solar cell applications,
where NCs of the same size but with varying optical
properties might be advantageous. Measurement of ther-
mal parameters such as thermal diffusivity (α), thermal
effusivity (e) and thermal conductivity (k) for alloyed NCs
are very essential for their applications, particularly in
the fabrication of solar cells. α(m2/s) is a significant thermo
physical parameter which measures how effectively
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Fig. 1. The schematic diagram of the PA experimental set-up for optical
absorption measurements.
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phonons carry heat through the sample. Whereas the
measurement of the heat exchange rate or the thermal
impedance for heat exchange of a given material is
essentially determined by e (W s1/2/m2/K). e is a relevant
thermo physical parameter for surface heating or cooling
processes as well as in quenching processes. These quan-
tities are defined by α¼k/ρc and e¼

ffiffiffiffiffiffiffiffi
kρc

p
, where c is the

specific heat capacity and ρ is the mass density. Knowing α,
and e, the sample thermal conductivity can be obtained
from the relation k¼e

ffiffiffi
α

p
.

Photoacoustic technique (PA) is a photothermal (PT)
detection technique; that is proved to be a powerful tool to
study the optical, electronic, and thermal properties of
such material in a nondestructive manner without parti-
cular sample treatment [1,14–16]. The sample to be
studied is placed inside a gas/microphone cell, in which
a portion of thermal energy is produced in the sample by
light absorption. Subsequent thermalization within the
sample produce a pressure fluctuation in the air within
the cell which is detected as an acoustic signal by a
sensitive microphone attached to the cell. Therefore, the
PA signal contains information about the optical absorp-
tion within the sample in addition to the way with which
the heat is diffused through the sample [14]. The applica-
tions of the PA technique have been efficiently extended to
liquids and solids only after the successful formulation of a
general theoretical model by Rosencwaig and Gersho in
mid-seventies [16–20]. Subsequent developments in the
theoretical aspects of PT phenomena are mere extensions
or modifications of Rosencwaig–Gersho model [16].

In the present work, we study the dependence of PA
spectra for alloyed CdTexS1�x NCs on the varying the tell-
urium molar ratio (x¼0 to 1) to investigate the effect of
molar ratio on the band gap for alloyed CdTexS1�x NCs. The
PA spectra were also confirmed by UV–Vis. spectra techni-
que. Vegard0s law was applied to obtain the band gap of
bulk alloyed CdTexS1�x (Eg bulk). The nanocomposite size
was calculated using the exciton energy and the effective
mass approximation (EMA) model. The obtained particles
sizes were compared to that measured by high resolution
transmission electron microscope (HRTEM). Furthermore,
PA technique was used to determine the values of α, e and k
of the alloyed CdTexS1�x NCs of different molar ratio x.

2. Experiment

A series of alloyed CdTexS1�x NCs samples (x¼0, 0.2,
0.4, 0.5, 0.6, 0.8, and 1.0) were synthesized as the method
of Talapin et al. [21] by varying the amount of the second
precursor. Cadmium solution was prepared by 0.3 g of CdO
added to 3.0 g of stearic acid, and heated up to 170 1C till
the red color of CdO disappears to ensure that the reaction
between CdO and stearic acid is complete and CdO
completely transform to Cd sterate. 2.0 g of tri-n-octylpho-
sphine oxide (TOPO) and 1.0 g of hexadecyleamine (HDA)
were added to the reaction mixture and heated at 200 1C.
For example in the preparation of CdTe0.4S0.6 NCs sample,
Tellurium solution was prepared by mixing 0.53 g of tell-
urium in 1.5 mL of trioctylphosphine (TOP). Sulfur solution
was also prepared by dissolving 0.2 g of sulphur in 1.5 mL
of TOP. The mixture was then injected into the cadmium
solution at 200 1C. Appropriate amounts of sulfur and
tellurium solutions were mixed together to give the above
ratios. Six samples with different molar ratios (x¼0, 0.2,
0.4, 0.6, 0.8, and 1) were obtained from the reaction
mixture at time interval of 7 min. For PA measurements,
samples in the powder nature were compressed under a
hydraulic pressure of 1 t/cm2 to form pellets. They were
labeled from a to f according to increasing the value of x.

PA measurements were carried out by a gas micro-
phone technique. The light beam from tungsten-halogen
lamp (1000 W) (New-port model 66885) was focused into
the entrance slit of a monochrometer (Newport oriel
product line model 74125). The output beam of the exit
slit was mechanically modulated by a mechanical chopper
(SR540), and focused onto the sample which was mounted
carefully inside a PA cell (MTEC Model 300). The sound
wave generated from the sample can be subsequently
detected as an acoustic signal by a highly sensitive elec-
trical microphone fixed in the PA cell. The PA signal was
then amplified by a low noise preamplifier and further
processed using a lock-in amplifier (Stanford Research
System, Model SR830 DSP). A personal computer was
interfaced to the system for automatic data acquisition
and analysis. Measurements of PA spectra were carried out
at room temperature in the wavelength range 375–675 nm
at modulation frequency 15 Hz using a mechanical chop-
per. The PA spectra were normalized (light intensity
normalization) using carbon black sample in the allowed
region of the used tungsten-halogen lamp. Fig. 1 shows the
schematic diagram of the PA experimental set-up for
optical absorption (energy band gap) measurements of
the alloyed CdTexS1�x NCs samples [1,15].

For thermal properties measurements, the same set-up
was used but the tungsten-halogen light source and the
monochrometer was replaced by 200 mW (514 nm) argon
ion laser (Melles Griot, Carlsbad, CA 92009).

3. Results and discussion

3.1. Particle size determination

The average particle size distributions of the samples
were measured using HRTEM (JEOL 311UHR operated at
300KV). Specimens were prepared by depositing a drop of
hexane solution onto a Formvar-coated copper grid and
letting it to dry in air. Fig. 2(a) and (b) shows the HRTEM



Fig. 2. HRTEM images and the corresponding histogram for CdTexS1�x for: (a) x¼0.2 and (b) x¼0.8.
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micrographs for alloyed CdTexS1�x NCs and their corre-
sponding histogram for x¼0.2, and 0.8 respectively as
examples. The sizes of alloyed NCs are: 3.9, 3.95, 4.02,
3.85, 4.1, and 4.0 nm for x¼0, 0.2, 0.4, 0.6, 0.8, and 1,
respectively. It is observed that the particles sizes of all
samples are approximately equal (3.9770.30 nm). Ultra-
high resolution images of the 10 nm nanoparticles are
showing the crystal lattice planes.

3.2. Optical absorption measurements

For PA spectroscopy measurements, alloyed NC sample
as a powder form was compressed under a hydraulic
pressure of 1 t/cm2 into disks of a diameter of 1 cm and
a thickness of 1.6570.05 mm for each. While for UV–Vis.
measurements, a colloidal solution of each alloyed NC
sample was also prepared. The PA signal amplitude was
recorded at chopping frequencies (f) varies from 4 to
200 Hz for each sample. Fig. 3(a) shows the PA spectra
for the six investigated samples of alloyed CdTexS1�x NCs
(a–f) as a function of the wavelength of the incident beam
(from 375 to 675 nm). For the indicated tellurium to sulfur
ratio, the absorption spectra show a single edge varying
from 427 nm for x¼0 to 611 nm for x¼1. This behavior
indicates that the samples are truly alloyed. The calculated
energy band (E¼ hc=λ) for the same samples varies from
2.90 eV for x¼0 to 2.00 eV for x¼1. The optical absorption
spectra of the same samples in colloidal solution were also
obtained by regular UV–Vis. spectrophotometer and given
in Fig. 3(b). It is easily observed that, the absorption edge
varies from 431 nm for x¼0 to 605 nm for x¼1. The
corresponding energy gaps are 2.87 and 2.04 eV, respec-
tively. Although, the UV–Vis. spectra are for samples in
colloidal form, and the PA spectra are for powder form, the
two spectra gave peaks that are very close. The slight
difference in the absorption edges positions of alloyed
CdTexS1�x NCs between PA and UV–Vis. spectra may be
due to the difference in characteristics of the acoustic wave
in PA (non-radiative nature signal) and the photonic
character of the UV–Vis. The red-shift of the PA and UV–
Vis. absorption spectra of the alloyed CdTexS1�x NCs with
increasing Te content is due to the decrease of the band
gap caused by the incorporation of Te (as shown in Fig. 3).
Meanwhile, the sharp absorption feature suggests highly
monodisperse distribution. Furthermore, the PA technique is
able to give the absorption spectra of as prepared semicon-
ductor nanoparticles of different ratio more resolved than
the UV–Vis absorption spectrum.

In order to calculate the particle size of alloyed
CdTexS1�x NCs, we have employed Vegards law [8,22] first
to calculate the band gap of alloy bulk, and then we use
the effective mass approximation (EMA) model to get the
particle size which is given by Refs. [4,23–27].

EgðNCÞ ¼ EgðbulkÞþ
h2

8R2

1
me

þ 1
mh

� �
� 1:8e2

4πεε0R
ð1Þ

where Eg(NC) is the lowest energy of electronic transi-
tion for NCs, Eg(bulk) is the band gap of bulk material, R is
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Fig. 3. (a) Normalized PA spectra, and (b) UV–Vis absorption spectra for alloyed CdTexS1�x NCs (a–f).

Table 1
The band gaps, reduced masses, dielectric constants and the particle size
obtained from PA spectra and HRTEM.

x Eg
(bulk)
(eV)

Eg
(NC)
(eV)

Reduced
mass
10�31 kg

ε Particle size
(70.2 nm)
by PA

Particle size
(70.3 nm)
by HRTEM

0 2.42 2.90 1.3 5.29 3.82 3.9
0.2 1.73 2.22 1.29 5.652 3.83 3.9
0.4 1.29 2.19 1.16 6.014 3.79 4.0
0.6 1.106 2.11 1.02 6.376 3.91 3.8
0.8 1.164 2.07 0.89 6.738 3.83 4.1
1 1.47 2.00 0.75 7.1 3.92 4.0
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particle radius, me (0.11 m0 for CdTe and 0.7 m0 for CdS)
[28] and mh (0.35 m0 for CdTe and 0.2 m0 for CdS) are the
effective mass of electron and hole, respectively, where m0

is the free mass of electron, ε (¼7.1 for CdTe and 5.29 for
CdS) [28] is the relative dielectric constant, ε0 is the
vacuum permittivity, and e is the electron charge. The
energy gap of the alloy can be obtained using Vegard0s law
as follows [8,22]

χ ðCdTexS1�xÞ ¼ x χ ðCdTeÞþð1�xÞ χ ðCdSÞ–xð1�xÞb ð2Þ
where χ stands for Eg (bulk) for CdTe (¼1.47 eV) and for
CdS (¼2.42 eV [28], x is the Te mole fraction, and b is the
bowing parameter¼3.17 [7] for CdTexS1�x alloy. The cor-
responding values of me, mh and ε for the alloyed NCs were
also obtained in the manner above. Table 1 shows the
calculated values of constants Eg (bulk), me, mh, and ε for
the bulk alloyed CdTexS1�x.

As can be seen from Table 1, the energy gap for all value
of x of alloyed CdTexS1�x NCs are shifted to higher energy
with respect to their corresponding bulk values. Such blue
shifts with respect to bulk alloyed CdTexS1�x are consid-
ered due to excellent quantum confinement effect.
Furthermore, it is observed that the calculated particle
sizes using PA spectra of alloyed NCs for each composite x
are in good agreement with the measured one by HRTEM.
Therefore the use of Vegard0s law is fundamental to
get alloy NCs parameters.
3.3. Thermal parameter measurements

The PA technique was also employed to investigate the
thermal properties of the alloyed CdTexS1�x NCs. The
powder of each sample was compressed (under hydraulic
pressure of 1 t/cm2) into a disk as mentioned before. The
PA signal amplitude was recorded at various chopping
frequencies (f) for each sample (depth profile analysis).
The plots of ln PA amplitude versus the ln (f) for alloyed
NCs samples are shown in Fig. 4(a) and (b) for x¼0.2 and
x¼0.8, respectively. The distinct change in slope, at the
characteristic frequency (fc) where the crossover take place
can be easily observed. fc is the modulation frequency at
which the sample changes from being thermally thick
(μs4L) to thermally thin (μsoL), where ms is the sample
thermal diffusion length and L is the sample0s thickness.
The thermal diffusivity (α) was then calculated using the
relation [1,29]

α¼ f cL
2 ð3Þ

The values of α are calculated and given in Table 2 for
the alloyed NCs samples of different molar ratios.

The thermal effusivity (e) of the samples was also
determined by PA technique, where for optically opaque
and thermally thick sample, the PA signal amplitude q is
given by Ref. [1,15,30].

q¼ B
e
1
f

ð4Þ

whereB¼ ðI0=2ÞðγP0α
1=2
g =2πlgT0Þ, I0 is the incident light

intensity, γ is the ratio of specific heats, P0 is the ambient
pressure, αg is the gas thermal diffusivity, lg is the length of
the gas column, T0 is the ambient temperature and f is the
modulation frequency. Using Si as a reference sample, with
thermal effusivity given by 15,670 W s1/2/m2/K [1]. The
reference Si sample is used to eliminate the constant factor
B by normalizing the signal measured for the sample to
that measured for Si. The e values obtained for different
samples are given in Table 2. Where the slopes of the both
the Si and the sample were obtained from Fig. 5 by linear
fitting for the relation between (1/f) and PA amplitude (q).



Table 2
Thermal parameters of alloyed CdTexS1�x NCs.

x Thermal diffusivity (α)
(10�5 m2/s)70.05

Thermal effusivity (e)
(W s1/2/m2/K)77

Thermal conductivity (k)
(W/m K)70.5

0 2.52 4,300 21.5
0.2 2.61 4,314 22.0
0.4 3.25 7,071 45.6
0.6 4.31 10,217 67.6
0.8 5.46 10,886 80.4
1 6.52 12,087 97.4
Bulk CdTe 0.59 [21] 3,705 9 [25,26]
Bulk CdS 0.03 [21] 1,300 0.79 [21]

Fig. 5. PA signal amplitude versus f�1 for alloyed CdTexS1�x NCs and
Si reference.

Fig. 4. Variation of ln PA signal amplitude versus ln f for alloyed CdTexS1�x NCs at: (a) x¼0.2 and (b) x¼0.8.
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The corresponding values of thermal conductivity k
(¼ e

ffiffiffi
α

p
) [1,31] are also displayed in Table 2.

From the Table 2, it can be seen that when the value of
x increases, the values of α, e and k increase. These values
are about one order of magnitude larger than that for the
bulk values of CdTe [28,32] and CdS [28]. Such an increase
in the diffusivity and conductivity are in reasonable
agreement with the results of other authors [33]. In their
work they obtained values of the α¼1.7�10�5 m2/s and
k¼50.16 W/m/K in the case of ZnO nanoparticles that are
larger by one order of magnitude than the bulk value. The
increase in α of NCs compared to the bulk because at this
small size, quantum confinement is achieved and the
interface will form extremely dense network paths for fast
diffusion through the NCs. The significant increases of
alloyed CdTexS1�x thermo physical properties by adding
a small amount of Te were predicted. The presence of a
phase with high thermal conductivity, which results in
increase of the heat flow leads to an increase in the thermo
physical properties of the alloyed NCs sample.

4. Conclusions

Photoacoustic (PA) technique has been used to study
the optical and thermal properties for alloyed CdTexS1�x

nanocrystals (NCs) samples of different molar ratios (x)
(x¼0, 0.2, 0.4, 0.5, 0.6 0.8, and 1). Alloyed NCs were
synthesized using chemical deposition method. The PA
spectra shifted to lower energy region with increasing x.
The PA spectra were compared with regular UV–Vis
absorption which gives comparable results. The use of
Vegard0s law to determine the alloyed NCs parameters is
fundamental to get the alloyed NCs size. That is close
agreement with the measured values as measured by
HRTEM. Furthermore, PA technique is able to determine
the thermal parameters (α, e, k) of the same samples. The
values of thermal conductivity and diffusivity are one
order of magnitude larger than that of bulk values.
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