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Introduction

Bulk heterojunctions (BHJs) of nano-composite materials have
received extensive attention from the scientific and technolog-
ical communities for being potential alternatives to conven-
tional heterojunctions in multiple technological applications.'
BHJs are currently used in optoelectronics,®* radiation detec-
tion and photodetection systems,'>** dielectrics and photovol-
taic devices,"”»"* biology and medicine.”®**® 1In hybrid
photovoltaic devices, the polymer and the inorganic compo-
nents offer additional complementary advantages owing to
their low-cost manufacturing processes, flexibility, reproduc-
ibility, and versatile functionalities.”*** In hybrid composite
devices, NPs play an important role in improving the optical
and electrical properties of the devices.”” Numerous studies
have been conducted to investigate the influence, on the charge
transfer process, of incorporating nanoparticles into the poly-
mer matrix (i.e. the trapping and de-trapping of charges,>** the
formation of conductive filament paths, and the charge transfer
between the NPs and the organic materials).>**

Furthermore, the efficiency of charge generation may be
enhanced by improving the mixing quality of the polymer/
nanoparticles thus providing an efficient exciton dissociation
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layers exhibit circular features irrespective of the NP concentration. The dependence of the dielectric
permittivity on frequency and CdSe NP concentration are studied.

at the donor/acceptor interface. Owing to the extended path of
the donor/acceptor interface, hybrid composite devices hold the
advantage over the traditional multilayer models.> However,
the selection of appropriate inorganic semiconductor NPs for
certain applications is still debated in the literature. Zinc sele-
nide (ZnSe), cadmium sulfide (CdS), and other inorganic
semiconductors are, nevertheless, suitable candidate materials
for optoelectronic applications due to an improved efficiency of
the functioning nano-composite devices.**>

CdSe NPs are known to offer advantageous optoelectronic
properties compared with other counterparts.**** One way of
improving the synthesis of the NPs is by using surface ligands to
facilitate charge transfer between the phases.***® Several
capping agents were used in the synthesis of CdSe NPs such as
TOPO, octanethiol, EtPO, TBPO, Pip3PO, and Pyrr3PO.*" Apart
from these materials, oleic acid (OA) can be used as a suitable
capping agent with CdSe quantum dots (CdSe QD) to largely
increase the QD loading and suppress the recombination of the
separated charges.*>*

The highest efficiency for such hybrid device was obtained
with CdSe NPs and polythiophene.*** It is worth mentioning
that the morphologies and distribution of the NPs in the poly-
mer matrix represent important parameters influencing the
optical and electrical properties, and thus the photovoltaic
performances of the device.*

Previously, we have shown that the incorporation of oleic
acid-capped CdSe NPs into a conducting host of poly(3-
octylthiophene) (P30T) matrix strongly affects the fluores-
cence of the hybrid nano-composite system and the photovol-
taic performances of the P30T:wt% OA-capped CdSe bulk
heterojunction. In the present work, we study the concentration
effect of the OA-capped CdSe NPs on the structural and dielec-
tric properties of the P3OT:OA-capped CdSe composite thin
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film. We used impedance spectroscopy to characterize the
synthesized heterojunction materials. Then, we investigated the
charge transport mechanism involved in ac conductivity.

Experimental

The polymer matrix used in this work is poly(3-octylthiophene)
(P30T) having a purity of 99% (procured from Sigma-Aldrich,
Germany). The OA-capped CdSe NPs were prepared from
a 1:1 mixture of cadmium acetate and OA in diphenyl-ether
following the same method previously reported for preparing
OA-capped ZnSe NPs.” The P30T was dissolved in chloroform
(concentration of 20 g 17"). The mixture was then ultrasonicated
for 2 hours at room temperature. The solution was then
apportioned into bottles of 10 ml each to which the synthesized
OA-capped CdSe NPs were added. Three different nano-
composites were prepared corresponding to the NPs concen-
trations, these are the pure polymer (0 wt%), the 40 wt% and
80 wt% respectively. The as-prepared solutions were ultra-
sonicated for 3 hours at room temperature.

The substrates were cleaned ultrasonically in distilled water,
acetone, ethanol and distilled water sequentially for 15 min.
These substrates were dried under a nitrogen gas stream. For
the active layer deposition, we used the WS-400BZ-6NPP spin-
coater from Laurell at 3000 rpm for 30 s. The last step was
depositing a thin film (100 nm thick) of aluminum by using
Vinci Technologies TDK-Lambda vacuum evaporator at a back-
ground pressure of ~10° Pa. Fig. 1 illustrates the synthesis
procedure of the P30OT:wt% OA-capped CdSe hybrid solution.

The morphologies and sizes of the OA-capped CdSe NPs were
investigated using Tecnai G220 transmission electron micro-
scope (TEM), atomic force microscope (AFM) and a JEOL JSM-
6360 scanning electron microscope (SEM).

The structures of the NPs were investigated by X-ray
diffraction using the Bruker D4 diffractometer. The Cu-K,
radiation (A = 1.5418 A) and Bragg-Brentano setup were used
during the measurement of the XRD patterns. The dielectric
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Fig. 1 Experimental procedure of the synthesis of P3OT:wt% OA-
capped CdSe hybrid solution.
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properties were measured by an Agilent 4294A impedance
analyzer in the frequency range 10 to 10’ Hz. All the measure-
ments were performed at ambient conditions of pressure and
temperature.

Results and discussion

Fig. 2(a) shows the XRD pattern of the OA-capped CdSe NPs in
the range 20-80° 26. We observed five main broad diffraction
peaks, of cubic zinc blend CdSe located at 25.7°, 42.3° 49.8°,
68.2° and 77.8° corresponding to the favorite orientations (111),
(220), (311), (133) and (224) respectively. On the other hand, the
shoulder peak near the (111) peak of our material may be
indexed as (100) and attributed to the presence of uncapped
CdSe nanoparticles of hexagonal (Wurtzite) structure.’®* We
determine the average grain size by Scherrer's formula.*

0.9 x4

Dsc = —
s¢ B x cos 6

(1)

where 6 is the diffraction angle, 2 is the wavelength of the X-ray
and f is the full width at half maximum of the diffraction peak
which may be expressed as:

B =(Bm — 6" (2)
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Fig.2 (a) XRD patterns of the OA-capped CdSe NPs. (b) TEM image of
the OA-capped CdSe NPs.
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where ;> is the Full Width at Half Maximum (FWHM) of
standard silicon sample and 8, is the experimental FWHM.
The average grain size of OA-capped CdSe NPs is 8 nm.

Fig. 2(b) shows the CdSe NPs under TEM. The average
diameter of the CdSe NPs is found equal to 8 nm in agreement
with that obtained from the XRD measurements.

The P3OT:wt% OA-capped CdSe NPs thin films were inves-
tigated by SEM as shown in Fig. 3(a—c). The scanning electron
micrographs show that the polymeric films are composed of
grains stacked on the top of each other. The density of these
grains varies from one region to another. The presence of these
grains is believed to induce charge accumulation.®® The
morphology of the compound polymer is mainly formed by
a small grains of lengths varying between 15 nm and 25 nm.
This also involves the formation of a hierarchical network of
pores as observed under the atomic force microscopy
measurements.

The morphology of the deposited P3OT:wt% OA-capped
CdSe NPs thin films, obtained using AFM, is shown in
Fig. 4(a-c). By comparing the AFM images of the three
concentrations prepared in this work, common features were
identified. These features are attributed to the preparation
condition rather than the NPs concentration in the thin films
deposited. The distribution of the NPs obviously changes with
the NPs concentration. The nanocomposite films do not cover
the substrates totally. This might be attributed to the drying
condition of the solution after the deposition process.”*** The
fast drying of the chloroforme solvent is believed to influence
the ordering of the P30T polymer chains resulting in the
features observed in the micro-images.** Similar topography
features were observed in other types of polymers.*>*® With
regards to the deposition technique used, it is worth
mentioning that J. Abad et al. investigated the effect of the
deposition technique and found that the spin-coating tech-
nique yields a more homogeneous depositions than does the
drop-casting technique.”” We have shown that the OA-capped
CdSe NPs affect the polymer chain entanglement and maxi-
mizes the interface of the P3OT/OA-capped CdSe hetero-
junction.”® In contrast, the samples containing 40 wt% and
80 wt% of OA-capped CdSe show a decrease in the pore size and
height. In the case of the polyvinylcarbazole : ZnSe NPs,
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Fig. 4 Morphology of the deposited films of P3OT:wt% OA-capped
CdSe NPs (a) wt 0% (b) wt 40% and (c) wt 80%.

increasing the NPs concentration in the polymer matrix was
found to affect the topography of the films such that the pores
network disappears almost completely at higher concentrations
of the NPs. Such effect was attributed to the diffusion of the NPs
into the polymer network. These NPs may affect the formation
of the polymer percolating network.”*' As observed in the
micrographs, the OA-capped CdSe NPs are well dispersed in the
polymer matrix. This results in the augmentation of the

Fig. 3 SEM images of P30T:wt% OA-capped CdSe NPs (a) pure (b) 40% wt (c) 80% hybrid thin films.
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polymer/NPs interface leading to an increase in the probability
of the exciton dissociation. The average roughness of the films
varies from 12.79 nm to 22.27 nm. The roughness varies in an
increasing way with concentration.

The increase of roughness enhances the oxygen adsorption
process at the crystallites surfaces which act as electron traps.
The topography evolution is found directly dependent on the
concentration of the OA-capped CdSe NPs (Fig. 4(b and c)). The
homogeneous dispersion of the NPs in addition to the pores
network plays a major role in facilitating conduction paths of
low resistance inducing an inter-chain charge transfer which
leads to a gradual increase of conductivity of the P30T:wt% OA-
capped CdSe hybrid thin films.*

The electrical conductivity of the P30T:wt% OA-capped CdSe
thin films in the frequency range 10 to 10° Hz is shown in Fig. 5.
Poor conductivity and insignificant dependence of its value on
frequency are observed in the frequency range 50 to 10* Hz. At
frequencies higher than 10* Hz significant increase of conduc-
tivity is observed. In this region, conductivity can be described
by the power law:®**

0(w) =04 + A’ (3)

where A is a constant,oq. is the electrical conductivity, w is the
angular frequency and the exponent s (which depends on
binding energy) is the slope of the plot in the frequency
dependent region 0 = s = 1.*® Such behavior can be explained
by the Maxwell-Wegner two-layer model suggesting that the
layers are made of well conducting grains surrounded by poorly
conducting grain boundaries that are more active at lower
frequencies. The electrical conductivity occurs by hopping of
charge carriers between defect states in the band gap and the AC
conductivity corresponding to a jump of localized charge
carriers in defect sites separated by potential barriers and
therefore it is hopping type conduction.®® The conductivity
curve shows an increase in value with the increase in the
concentration of the oleic acid capped CdSe NPs. This may be
attributed to the surface morphology and a homogeneous
dispersion of the OA-capped CdSe NPs in the P30T matrix
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Fig. 5 Electrical conductivity of P3OT:wt% OA-capped CdSe hybrid
thin film as a function of frequency.
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which improves charge conduction at the polymer : NPs inter-
face.*” The complex impedance Z is given by the following
equation:*®

zZ=7-j2' (4)

where Z' and Z” are the real and imaginary components of
impedance respectively. Fig. 6 shows the dependence of Z' on
frequency for the three concentrations investigated. Z decreases
slowly with the increase of frequency up to 5 x 10 Hz. A rapid
decrease of the real component of impedance occurs at
frequencies in the range 10* to 10° Hz. A third region may be
identified at frequencies higher than 10> Hz where insignificant
dependence of impedance on frequency occurs. In the first two
regions identified, Z' decreases with the increase of NPs
concentration. This is attributed to the homogeneous distri-
bution of NPs and the decrease of NPs clustering in the polymer
matrix. The acute decay of Z' at frequencies higher than 10° Hz
may be attributed to the space-charge regions resulting from the
decline of the charge barrier. The Z' variation with frequency
complies with the structural information obtained.

The imaginary component of impedance (Z”) of and the
P30T:wt% OA-capped CdSe hybrid thin films as a function of
frequency. The variation of the imaginary part of impedance Z”
with the frequency at the three concentrations investigated is
shown in Fig. 7. A peak-like behavior of the Z” at two frequency
values is observed for the three polymers : NPs films prepared.
The first peak at low frequency value is associated with the
effects of the grains boundaries while the second peak at 5 x
10* Hz is attributed to the relaxation of these effects. Z” was
found to generally decrease with the increase of NPs concen-
tration. The impedance results emphasize that the inclusion
and dispersion of the OA-capped CdSe NPs have a profound
effect on the impedance characteristics of the samples. This
behavior may be associated with two phenomena and affect the
impedance spectroscopy results. The first one, is the P30T/OA-
capped CdSe interface contact and the second one is medium
and severe clusters formation (i.e. polymer clusters, NPs clus-
ters and complex clusters®) related to the overall decrease of
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®— P30t+40% CdSe

®— P30t+80% CdSe
e Fits

1
10° 10°

10° 10° 10°
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Fig. 6 Real component of impedance of P30T:wt% OA-capped CdSe
hybrid thin film as a function of frequency.
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Fig. 7 Imaginary component of impedance of P30T:wt% OA-capped

CdSe NPs as a function of frequency.

impedance. We would also point out the weak peaks located at
the grain resistance region. In the frequency range above 10” Hz
the merging of Z” may easily be noticed indicating a decrease in
the space charge polarization.”

In order to determine the relaxation time value, we plot the
curves of Z' and Z” according to the frequency. The frequency
fmax, at which the impedance Z” takes its maximum value,
corresponds to the inflection point abscissa to the curve of
variations of Z’ as a function of the frequency.”

In Fig. 8 we got two inflection points, thus two frequency
maxima at 360 Hz and 4.5 x 10* Hz. The relaxation time is
calculated from these values using the following equation:”

1

= 2o 5)

T

Fig. 9 is the Nyquist plots of the P30OT:wt% OA-capped CdSe
NPs hybrid thin films. Two semicircles of different sizes and
a linear segment are observed in all the specimens investigated
indicating that the key sources of impedance are the same and

Frequency(Hz)

Fig. 8 Variation of Z/ and Z” of P30OT:wt% OA-capped CdSe NPs
hybrid thin film with frequency.
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Fig. 9 Nyquist diagram of P3OT:wt% OA-capped CdSe NPs hybrid
thin film. The inset shows the equivalent circuit.

independent of the OA-capped CdSe NPs. Nevertheless, the
semicircle feature which emphasizes the two components/
sources of impedance (namely, the double-layer effect at the
grain boundaries of the polymer/NPs interface and the charge
transfer through the composite material) are found to vary with
the concentration of NPs inside the specimen. The decrease of
the semicircles sizes with the increase of NPs is attributed to the
enhancement of the charge carrier's mobility throughout these
charges transferring centers.

The equivalent circuit is shown in the inset of Fig. 9. Our
simulations of the Nyquist plots agree with the measurements
and the equivalent circuit was found to reproduce the experi-
mental plots by adjusting the controlling parameters.

The equivalent circuit is composed of two R-CPE (constant
phase element) components in parallel with a third resistance
Rs has conventionally known Warburg impedance. Warburg
impedance is due to lack/depletion of species that otherwise
may undergo certain reactions (oxidation/reduction reactions).
In the present work, this component is attributed to presence of
conductivity zones inside the material associated with the ITO/
active layer interface.”>”*

The CPE is determined using the following relation:

A p—

1y (i)—‘:)l

(6)

when n — 0 it results in the classical Debye's formulae. Thus,
the total impedance of the structure can be written as:

n= . ;11
% _ 2 [A4i(jw) ] R

= +R =27 —jz" 7
p [Al’(/.w)m}_l +Rl [ )

where Z' and Z” are given by the following equations:
=2 Ri(1+ Rid;w™ cos(ga,-))

Z = + R
i1 (Ridjwe sin(ga,-))2 + (1 + Rid;jw cos(gai))z

(8)
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Tablel R Ryand R, of P30OT:wt% OA-capped CdSe hybrid thin films

Sample R, (Q) R, (Q) R, (Q)
P30T 1523 2.7488 x 10° 1.6649 x 10°
P30T:40% CdSe 1145 2.1144 x 10° 7.6823 x 10>
P30T:80% CdSe 940 7.7361 x 10* 1.953 x 10>
TT
n=2 RZA;0% sin(=q;
i 44 (2 l)

7 = )
; (Rl.Aiwﬂfi Sin(gai))z + (1 + Rl‘Ai(lJai Cos(gai))z

The values of constant phase element 4; and resistances R;
for various OA-capped CdSe NPs concentration are listed in
Table 1. The data presented a sharp decrease of three resis-
tances when OA-capped CdSe NPs concentration increases. This
behavior is explained by different contacts on each side of the
pellet and different charge conduction zones. Ag resistance
decreases conductivity increases accordingly.

The Frequency dependence of real permittivity ¢ at different
OA-capped CdSe NPs concentration is shown in Fig. 10. We
noticed that permittivity increases with the concentration of the
NPs and this behavior become more significant at low frequency
values. At frequencies, less than 10" Hz the real value of
permittivity increases with the concentration of NPs indicating
that charge carriers are influenced by dipolar and interfacial
polarization. This trend, is explained by the Maxwell-Wagner
double layer model designed for inhomogeneous structures. At
higher frequencies, ionic and electronic polarization contribute
to the dielectric constant and they are frequency indepen-
dent.””® Thus, the effect of OA-capped CdSe NPs concentration
on dielectric constant is negligible. This could be attributed to
the reverse electron motion as the frequency increases leading
to reduced polarization.

Fig. 11 exhibits the variation of imaginary permittivity as
a function of frequency at different OA-capped CdSe NPs

200
e P30t

150 ® P30t+40% CdSe

° ® P30t+80% CdSe

o 10° 10 10°
Frequency(Hz)

Fig.10 Real part of dielectric constant of PZOT:wt% OA-capped CdSe
hybrid thin films as a function of frequency.

45144 | RSC Adv, 2020, 10, 45139-45148

View Article Online

Paper
1600F
e P30t
® P30t+40% CdSe
12009 e P30t+80% CdSe
)
~ | ®
‘TEsoo.O
c o
= ’
400 ’
_&-
0 . - b
10" 10° 10° 10" 10° 10°
Frequency(Hz

Fig. 11 Imaginary part of dielectric constant of P3OT:wt% OA-capped
CdSe hybrid thin films as a function of frequency.

concentrations. At frequencies less that 10> Hz the imaginary
value of permittivity is frequency-on frequency and OA-capped
CdSe NPs, contrarily to the strong dependence behavior on
frequency seen from the same spectra. Fig. 10 exhibits the
variation of imaginary permittivity as a function of frequency at
different capon. We note that for frequency (f < 10° Hz) the
imaginary permittivity dependence on frequency and OA-
capped CdSe NPs concentration. The plots clearly show that
curves decreasing as the frequency rises. As the frequency
continues to rise, the dielectric constant also continues to
lessen. This behavior is explained by the pattern of grain and
grain seal or the grain boundaries possess high resistance, so
the electrons gather and generate polarization at the bound-
aries. Thereafter, we notice a rapid decrease of the dielectric
constant until independent of frequency.

Fig. 12 shows the variation of the dielectric loss (tan §) with
frequency at different concentrations of the CdSe NPs. Three
regions may be observed. Low-frequency region (50 to 10° Hz)
we notice high loss for the different concentration of CdSe NPs

20
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Fig. 12 Tangent loss of P30T:wt% OA-capped CdSe hybrid thin films
as a function of frequency.
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then the tan ¢ decreases as of frequency, followed by a new
growth between 5 x 10° Hz and 5 x 10* Hz. The elevated
resistance of grain boundaries at low frequencies results in
electrons requiring high energy which justifies the high values
of dielectric loss at that region according to Koop's theory.”” The
growth in the second region can be explained by the piling up of
the electrons at the grain boundaries through a hopping
mechanism. There is a reduction of dielectric loss for the higher
frequencies and continues to gradually decrease tending
towards zero irrespective to OA-capped CdSe NPs concentration.
This coalescence is due to the poor energy loss during the
exchange of load carriers.

Enhancing the dielectric parameters of conjugated polymers
is an attractive prospect for optoelectronic and microelectronic
devices.”®” The evolution of the dielectric permeability of our
samples as a function of frequency covers a large range of
frequency (10 to 10°), such a similar frequency range is showed
by Talfah et al.®® The value of P3OT dielectric constant is very
high in comparison with of Aromatic polythiourea (ArPTU) and
polyvinylidene fluoride.*® At high frequency, the dipoles cannot
follow the oscillation of the applied electric field and the
dielectric constant become constant.** We notice that the
contact resistance R decreasing when the concentration of NPs
increases.®” Generally, there is only one relaxation frequency in
polymers, here in our materials, we found two relaxation
frequency.®

Conclusion

Thin films of P30T mixed with oleic acid-capped cadmium
selenide NPs were synthesized and deposited successfully by
a spin coating method to form a hybrid heterojunction for
dielectric applications. The AC electrical conductivity study
revealed a strong dependence of conductivity as a function of
frequency and concentration of the CdSe NPs. The impedance
spectroscopy measurements showed that the charge mobility
increases with the increase of the NPs. Two relaxation
frequencies were also observed. Agreement between the exper-
imental curves and the simulation data was obtained. We have
determined the equivalent circuit for our composite. The circuit
is formed by a series of two R-CPE in parallel combination and
a third resistance conventionally known as Warburg imped-
ance. Permittivity was found to increase with the concentration
of the NPs. The electrical behavior of the dielectric material was
associated with the two region effect at the grain boundaries of
the polymer/NPs interface and the grain of the composite
material.
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