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Abstract The concentration dependence of optical, thermo-
physical and electrical behavior, based on poly-methyl
methacrylate filled with CdSe quantum dots (PMMA
(CdSe)) have been investigated. The PMMA(CdSe) concen-
tration was 0.001, 0.005, 0.01 and 0.05 wt.%. The compo-
sites were prepared in the form of films by the solution
casting technique. The optical properties of PMMA(CdSe)
films have showed that, there is a red shift of the absorption
and photoluminescence (PL) after the QDs were added into
PMMA. The PL peak intensity of the composite was en-
hanced by ≈ 2.5 times compared to the CdSe QDs. The
thermal conductivity (k) was obtained by measuring the
thermal diffusivity (α) and thermal effusivity (e) using the
photoacoustic (PA) technique. The composites exhibit≈
120 % improvement in k at 0.05 wt.% . Furthermore, the
dc electrical conductivity measurements of pure and doped
PMMA, showed that the obtained values were enhanced
about four orders of magnitude for the highest concentration
compared with pure PMMA at 500 0C.

Keywords CdSe QDs . PMMA . Composite . Optical and
thermal properties . Photoacoustic technique . dc electrical
conductivity

Introduction

Semiconductor quantum dots (QDs) have attracted great interest
in recent years due to their unique photophysical properties,
which are attractive to a diverse range of applications [1–3].
Especially, the composite of QDs and organic polymers exhibits
excellent potential due to low cost, large area, mechanically
flexible devices [4–8]. The PMMA polymer can be used in a
wide range of applications which can be even more extended by
the incorporation of CdSe QDs into its matrix (composites).
Provided that CdSe QDs well-dispersed various physical prop-
erties of PMMAsuch as optical, thermal and electrical properties
may be enhanced. Measurement of thermal parameters such as
thermal diffusivity (α), thermal effusivity (e) and thermal con-
ductivity (k) for PMMA(CdSe) composite film are very essential
for their applications, particularly in the fabrication of devices.α
(m2s−1) is a significant thermophysical parameter which meas-
ures how effectively 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 (Ws1/2m−2K−1). e is a relevant
thermophysical parameter for surface heating or cooling pro-
cesses as well as in quenching processes. These quantities are
defined by a ¼ k ρc= and e ¼ ffiffiffiffiffiffiffi

kρc
p

, where k is the thermal
conductivity, 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 k ¼ e

ffiffiffi
a

p
. Apart from the pure

academic interest, knowledge of the thermal conductivity (k) of
PMMA(CdSe) composite generally, aids in the selection of
candidate for engineering applications such as parts of com-
puters and automobile engines. Photoacoustic technique (PA)
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is a photothermal detection technique; that is proved to be a
powerful tool to study the optical and thermal properties of such
materials without particular sample treatment in a nondestructive
manner [9–11]. More interest has been paid to electrical trans-
port property of composites which reveals important information
about the transport phenomenon and other physical properties.
These studies have shown that the electrical properties of the
polymers can be improved using various nanoparticle dopant.
Due to the strong interaction between insulating polymers and
nanoparticles a significant enhancement of electrical properties
could take place in the produced composites [12, 13]. Recently,
many authors have paid attention to improve the mechanical,
optical, thermal and electrical properties of PMMA using CdS,
CdSe, ZnO [14, 15]. In their work, the composite films were
fabricated by electrospinning technique.

In this study, different levels of CdSe QDs were added to
PMMA to form composite films using casting solution tech-
nique. The effect of PMMA on the optical feature of CdSe
QDs has been investigated. A compression of the absorption –
emission spectra is made between the CdSe QDs and the
complex PMMA(CdSe). Furthermore, The CdSe QDs concen-
tration dependence of thermophysical (α, e and k) and electri-
cal behavior of composites have been investigated.

Outline of the thermophysical measurement methods

The main idea of PA technique is based on the fact that only the
absorbed light is converted to sound. 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 absorption within the sam-
ple in addition to the way with which the heat is diffused through
the sample. Rosencwaig and Gersho (RG) theory of the PA effect
[16] shows that the pressure variations depend on the relationship
among three parameters with dimensions of length: the sample
thickness ‘ the optical absorption length μB and the thermal

diffusion length μ μ ¼ a pf=ðð Þ1 2=
�
, where f is the chopping

frequency. Charpentier et al. [17] demonstrated that the pressure
variations at the front surface of an optically opaque material
(‘ > μB) can be written as the product of two terms, one depends
on f and the other independent of f. When f > fc the variations of
the frequency dependent term is independent ofα and when f < fc
the variations in PA signal depends on α that can be calculated
from [18, 19]

a ¼ ‘2fc ð1Þ

Here the characteristic frequency fc is defined as the fre-
quency at which the sample goes from thermally thick (μ) to

thermally thin (μ > ‘ ) region. At this frequency, a distinct
change in the slope of ln f versus ln PA Signal amplitude) plot
occurs and knowing ‘, we can calculate α.

Thermal effusivity can be measured by using a reference
material of known effusivity. The following requirements
have to be fulfilled to carry out the measurements: (a) the
sample should be thermally thick, (b) the sample should be in
thermal contact with a thermally thin but optically very
opaque (i.e. ‘ � μB)[16] metal foil, (c) the light modulation
frequency should be much lower than the critical frequency
for the metal foil (to conserve its thermal thin condition). The
same conditions should be fulfilled for the reference sample.
The PA amplitudes qs and qr from both the sample and the
reference respectively, covered with the foil are measured. The
expressions for the amplitudes can be derived, based on RG
theory as shown in and the ratio of the amplitudes, R, can be
expressed by the following relation [9, 20].

R ¼ qs
qr

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
r þ 1

w2
s þ 1

s
ð2Þ

Wherews ¼ esμm ‘mem=ð Þ þ 1, and wr is defined using the
same relation with er instead of es. The subscript m refers
to the metal foil and μm is its thermal diffusion length

μm ¼ am pf=ðð Þ1 2=
�
. The thickness, ‘m, the thermal effusivity,

em and the thermal diffusivity αm of the metal foil as well as
the thermal effusivity, er of the reference should be known.
The sample thermal effusivity (es) can be extracted by fitting
the experimental results with that mathematical relation.

Experiment

Spherical CdSe colloidal nanocrystals were prepared by a
method similar to that of Talapine et al. [21, 22]. The trioctyl-
phosphine selenide (TOPSe) and dimethylcadmium were dis-
solved in trioctylphosphine (TOP) and rapidly injected into a
vigorously stirred mixture of Trioctylphosphine oxide
(TOPO) and hexadecyleamine (HAD). CdSe QDs sample
was obtained from the reaction mixture and immediately
cooled and diluted with toluene to stop particle growth fol-
lowed by centrifugation.

The polymer films were prepared using solution casting
method in which PMMAwas dissolved in acetone with the
ratio 1: 27 by which clear films were obtained. The different
CdSe nanoparticle solutions were prepared by dispersing
appropriate amount of CdSe in 10 ml acetone and put in
high power ultrasonic bath for 30 min then mixed with
filtered polymer solution. The produced mixture solutions
were ultrasonically for 30 min and filtered. They were
filtered and casted in petri dishes and left in air for 3 days.
Several films of PMMA + x wt% CdSe, where x=0, 0.001,
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0.005, 0.01 and 0.05 wt.% of thicknesses: 46, 77, 68, 72,
80 μm respectively. The dried films were reasonably homo-
geneous and clear.

The absorption spectra of CdSe QDs and composite films
were determined by a spectrophotometer (JASCO V-670) in
the wavelength range from 450 nm to 700 nm. Light emis-
sion observed under 472 nm LED lamp.

The PA measurements were carried out by a gas micro-
phone detection technique. The light beam from 200 mW
(514 nm) argon ion laser (Melles Griot, Carlsbad, CA
92009) was mechanically modulated by an optical 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 electrical
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. Figure 1
shows the schematic diagram of the PA experimental set-up
for thermal properties measurements. All the measurements
were carried out at room temperature.

For thermal effusivity measurements, samples exhibited
good adhesion (using silicon grease) to the metal surface ensur-
ing good thermal contact and avoiding the appearance of extra
thermal resistance. The used metallic surface was thin alumi-

num foil (em ¼ 2400Ws1=2 m2K
�

; am ¼ 0:98� 10�4m2 s= of
thickness ‘m ¼ 30μmand the reference sample was Si wafer of
known effusivity (15,670 Ws1/2/m2K) [9, 20, 23].

Dc electrical resistivity was measured in an Oxford Optistat
cryostat in the temperature range 300–500 K. An electrometer
type Keithly 6517B and an Oxford temperature controller
IT053 were connected to a PC computer via GPIB interface
TNT5004 card and the data was recorded by a pc. The
samples were heated using a constant rate of 1 0C/min.

Results and discussion

Optical measurements

The average particle size distributions of CdSe QDs sample
was estimated using transition electron microscopy (TEM),
which was about 5.2 nm, as shown in Fig. 2(a). Figure 2(b)
shows the UV–vis spectrum of CdSe QDs sample. As can be
seen, the absorption edge was 580 nm with a corresponding
band gap of 2.12 eV. Such huge blue shift with respect to bulk
CdSe (1.74 eV [24]) are considered due to excellent quantum
confinement effect.

The particle sizes could be also estimated according to
EMA model that gives the energy bands for excitons as a
function of nanocrystal radius “R”, as [25, 26]

Eg Nanoð Þ ¼ Eg bulkð Þ þ h2

8R2

1

me
þ 1

mh

� �
� 1:8e2

4pee0R
ð3Þ

where me (= 0.13 m0 [24]) and mh (= 0.45 m0 [24]) are the
effective masses of electron and hole respectively, m0 is the free
mass of electron, Eg (bulk) is the bulk crystal band gap, R is the
average radius of the nanocrystal, Eg(Nano) is the lowest energy
for electronic transition, h is the Planck’s constant, ε (= 5.8 [24])
is the relative permittivity, and ε0 is the vacuum permittivity.
The calculated average particle size of CdSe nanocrystal based
on the above equation was 5.3 nm which are comparable to
those obtained by TEM image.

Figure (3) shows the UV–vis. absorption spectra of the
complex PMMA(CdSe) films with 0.001, 0.005, 0.01 and
0.05 wt.% CdSe in PMMA. The effect of varying the amount
of QDs in the PMMA and the confinement features were
observed at all concentrations although the excitonic peaks in
the absorption spectra were not very prominent owing to the
small amounts of incorporated QDs. Moreover, the absorption
edges of PMMA(CdSe) composite films are red shifted from
free CdSe QDs to 606 nm. The red shifts are due to the slight

Fig. 1 The schematic diagram
of the PA experimental set-up
for thermal measurements
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growth of particles during the displacement of capping groups
by the polymer. Such red shifts are in reasonable agreement
with results of other authors [14] for CdSe/PMMA nano fibers.
Furthermore, it is clearly seen that there is an enhancement in
the peak intensity as the concentration increase.

Figure (4) shows the UV–vis. and photoluminescence
(PL) spectra of CdSe QDs. It is observed from this figure
that the emission band edge at 590 nm shows a normal red
shift of the emission from the absorption with small stokes
shift (10 nm).

Figure (5) show the PL spectra of the same samples. From
the figure, the increase in the concentration of the QDs had no
significant effect on the peak positions, but only the intensity
of the peaks increased with increasing the concentration. This
indicated that there was no significant quantum dot growth at
all concentrations after the casting process and thus this proves
good quantum confinement properties of the QDs. Comparing
the peak wavelength between CdSe QDs and PMMA(CdSe)
film, there is also a red shift after the addition of CdSe QDs to
PMMA. Moreover, the PL peak intensity is greatly enhanced,
even increased nearly 2.5 times. Such an increase in PL peak
intensity agrees reasonably with the results of other authors
[4, 27]. In such study the increase in PL peak intensity could
be attributed to possible chemical bonding between CdSe and
carboxylate group of PMMA which cures the defect at the
surface and hence better electron – hole recombination.

Thermal measurments

The PA signal amplitude was recorded at various f for each
sample (depth profile analysis). The plots of ln PA amplitude
versus the ln f are given in Fig. 6(a–d) for 0.001, 0.005, 0.01
and 0.05 wt.% concentrations respectively. The distinct
change in the slope, at the characteristic frequency (fc) where
the crossover take place can be easily observed. Using Eq. (1),
α was then calculated . Our thermal diffusivity value for the
PMMA film without CdSe QDs addition was 1.12×10−7m2/s

Fig. 2 a TEM micrograph of CdSe QDs sample, and b UV–vis
absorption spectra
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Fig. 4 UV–vis. absorption and PL of CdSe QDs
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which is very close to the reported value of α for PMMA
(≈ 1.11×10−7m2/s) [28] . The variation of thermal diffusivity
of PMMA(CdSe) composite films with CdSe concentrations
is given in Fig. 7. The results showed that, there is an enhance-
ment ofαwith increasing CdSe ratio which was 118% from its

original value for the highest concentration. Figure 8 shows the
experimental values of PA amplitude ratio (R = qs/qr) for the
composite film, 0.001 wt.% CdSe QDs concentration, relative
to the reference (Si wafer) as a function of f1/2. The film and the
reference were covered by an aluminum foil. Other samples
show the same behavior. The satisfactory agreement between
the experiment and calculations could be achieved by proper
choice of fitting parameters es. The results showed that the
values of es of PMMA(CdSe) increased from 666.4 Ws1/2/m2

K to 955 Ws1/2/m2K as the concentration of CdSe QDs in-
crease from 0.001 to 0.05 wt.%.

As mentioned before, the thermal parameters α and e are
derived quantities depending on k and ρc in a different manner.
The variations of ρc versus filler (QDs) content are weak.
Consequently, the similar behavior of both quantities versus
QDs loading clarify that the effect of QDs on these parameters
is coming mainly from their effect on k. The measured values
ofα and e (1.12×10−7m2/s and 633Ws1/2m−2K−1) for the pure
PMMA sample are used to calculate its thermal conductivity k
(e

ffiffiffi
a

p ¼ 0:22) which is very close to the reported value of k for
PMMA (0.21 W/mK) [29]. The measured values of k for our
composite samples as a function of concentration of CdSe QDs
are presented in Fig. 9. There is again an increase in k with
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increasing QDs concentration. The increase in k is more sig-
nificant (≈120 %) at the highest concentration 0.05 wt.% of
QDs. Such an increase in k with increasing QDs concentration
was reported by other authors [9]. In their work, they obtained
an increase in k reach to ≈ 150 % for CNTs embedded in PVC.
In our earlier work [30], the thermophysical properties of CdSe
QDs were determined using PA technique. The results showed
that the value of α, e and k were 4.21×10−5m2/s, 9,926
Ws1/2m−2K−1 and 64.41 W/mK, respectively. Therefore, the
significant increases of composite thermophysical properties by
adding a small amount of QDs were predicted. Incorporation of
QDs into the PMMA matrix is accompanied by two opposite
effects influencing heat transport in the composite. The first one
is the appearance of a surface of a new phase increase the
number of interfaces, which increase of phonon scattering
reduce the heat flow transport, thus resulting in an interfacial
resistance. The second effect is the presence of a volume of a
new phase with high thermal conductivity, which results in an
increase of the heat flow. Our results showed that, the second

effect became predominant at high QDs concentrations and
these two effects are approximately equal for the low QDs
concentrations.

Electrical conductivity

The temperature dependence of dc electrical conductivity for
different concentrations (0.001 to 0.05 wt.%) is shown in
Fig. 10. As can be seen, the electrical conductivity was slight-
ly increased with increasing the concentration till certain
temperature T1. After this temperature, the conductivity was
enhanced with increasing the temperature for all film compo-
sites and it became about four orders of magnitude for the
highest QDs concentration (0.05 wt.%) compared with that of
pure PMMA at 500 0C. This is an indication of an efficient
incorporation of QDs inside the polymer matrix and a strong
interaction between PMMA and QDs. This interaction
increases significantly the electrical properties of the PMMA
polymer after T1. It is clear from Fig. 10, that the addition of

Fig. 7 Thermal diffusivity as a function of CdSe QDs weight percent

Fig. 8 PA amplitude ratio R versus f1/2 for PMMA(CdSe) film of
0.001 wt.% concentration. The solid line is the best fit according to Eq. 2

Fig. 9 Thermal conductivity as a function of CdSe QDs weight
percentage

Fig. 10 The temperature dependence of dc electrical conductivity of
pure and doped PMMAwith different QDs concentrations
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QDs into PMMA enhances the conductivity of the studied
polymer under the effect of dc electric field.

Although the QDs ratio was very small it has a great
effect on the dc electrical conductivity of the composite. As
shown, the values of the electrical conductivity for the
composites are higher than that of pure one. This refers to
the facilitating of the conduction process through the pres-
ence of QDs, which either lie in the energy gap or act as
donor and acceptor sites. These sites facilitate the hopping
of electrons between valence and conduction bands and
hence increasing the dc electrical conductivity[31]. The
obtained conductivity values have also increased with in-
creasing the temperature and this suggests that the electrical
conductivity mechanism of the composites is a thermally
activated hopping mechanism.

Conclusions

Composite films of PMMA(CdSe) has been fabricated with
QDs loading 0.05 wt.% using casting technique. The observed
red shifts of the absorption and PL edges of PMMA(CdSe)
composite films from the CdSe QDs are due to the slight
growth of particles. The increase in the concentration of the
quantum dots had no significant effect on the peak positions,
but only increased in the intensity of the peaks when the
concentration was increased. Furthermore, the thermophysial
parameters including α, e and k are obtained using PA tech-
nique. We demonstrate that a 120 % increase in k with QDs
loading 0.05 %. Our results show that, the presence of new
phases with high thermal conductivity is more dominant for
high concentration. The electrical conductivity was enhanced
about four orders of magnitude for the highest CdSe QDs
concentration compared with pure PMMA. The obtained dc
electrical conductivity values have increased with increasing
the temperature and QDs concentration.
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