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a  b  s  t  r  a  c  t

A  novel  PVA/CuI  nanocomposite  polymer  electrolyte  layer  synthesized  via  the  reduction  of  CuCl2 by NaI
in  an  aqueous  PVA solution.  The  as-prepared  films  were  characterized  by  X-ray  diffraction,  scanning
electron  microscope,  as  well  as impedance  spectroscopy.  The  obtained  results  indicated  the  formation
of  hexagonal  CuI  nano  particles  of  ≈55  nm  sizes  embedded  in  the PVA  matrix.  In  addition,  the  study  of
eywords:
onic conductivity
VA/CuI nano-composite
ptical properties

dielectric  parameters  and  conductivity  of PVA/CuI  nanocomposite  in  wide  range  of  temperature  and  fre-
quency  are  given  and  discussed.  The  frequency  dependence  of  ac-conductivity  suggests  power  law with
an exponent  0.026  < s < 0.73  which  predicts  hopping  of  charge  carriers.  The  bulk  conductivity  showed
activation  with temperature,  significant  values  of activation  energy  are  deduced  and  discussed.  An  aver-
age value  of the  energy  gap  width,  2.05  eV obtained  using  optical  absorption  in UV–visible  spectra  for

olym
C

PVA/CuI  nanocomposite  p

. Introduction

Organic/inorganic nanocomposites are extremely promising for
pplications in light-emitting diodes, photodiodes, photovoltaic
ells, smart microelectronic device, and gas sensors among oth-
rs [1].  The properties of nanocomposites films can be adjusted by
arying the composition. Their fabrication shares the same advan-
ages of organic device technology, such as low cost production
nd the possibility of device fabrication on large area and flexible
ubstrates.

PVA is a potential material having high dielectric strength, good
harge storage capacity and dopant-dependent electrical and opti-
al properties. It has carbon chain backbone with hydroxyl groups
ttached to methane carbons/these OH groups can be a source of
ydrogen bonding and hence assist the formation of polymer com-
osite [2].

Cuprous iodide (CuI) has attracted a great attention, as it is a
ersatile candidate in band gap materials (CuI, CuSCN, and CuAlO2)
ere identified in the preparation of optical properties of thin film

3–5]. CuI belongs to the I–VII semiconductors with zinc blende
tructure. Conducting and optically transparent films aroused
uch interest in the capability of application in electronic devices
Please cite this article in press as: E. Sheha, et al., Structure, dielectric an
electrolyte for photovoltaic cells, Optik - Int. J. Light Electron Opt. (201

uch as liquid crystal displays, photovoltaic devices, photother-
al  collectors and so on [6].  The most interesting nature of this

ompound is that an inorganic semiconductor and its coordination

∗ Corresponding author. Tel.: +20 107414705; fax: +20 3222578.
E-mail address: e sheha@yahoo.com (E. Sheha).
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er  electrolyte.
rown  Copyright  © 2011  Published  by  Elsevier  GmbH.  All  rights  reserved.

chemistry let it readily couple with many inorganic and organic
ligands as well.

The properties of semiconductor nanoparticles depend mainly
on their shape and size due to high surface-to-volume ratio [7,8].
The use of polymers is a prominent method for the synthesis of
semiconductor nanoparticles. The reason is that the polymer matri-
ces provide for processability, solubility, and control of the growth
and morphology of the nanoparticles.

Various approaches have been employed to prepare nanopar-
ticles/polymer composites. Conventionally, polymerization of
monomers and formation of inorganic nanoparticles were per-
formed separately, and then the polymer and the inorganic
nanoparticles were mechanically mixed to form composites [9].
However, sometimes it is difficult to disperse nanoparticles into
the polymer matrix homogeneously owing to the easy agglomera-
tion of nanoparticles and the high viscosity of polymers. Therefore,
more attention has been paid to the in situ synthesis of inorganic
nanoparticles in polymer matrices.

The present work aims to use an aqueous solution of PVA as host
matrix for CuCl2:NaI reaction to produce p-type nano CuI/ polymer
nanocomposite. The study will extend to the characterization of CuI
polymer composite to optimize the optical and transport properties
to be the base of heterojunction in photovoltaic applications.

2. Experimental
d optical properties of p-type (PVA/CuI) nanocomposite polymer
1), doi:10.1016/j.ijleo.2011.06.066

2.1. Sample preparation

All chemicals used in the present study were provided by Qua-
liKems Chemical Company, India. Polymer electrolyte layers were

ll rights reserved.
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some tiny pores existed between the filler–polymer interfaces. It
is attributed to the compatibility between the filler and the poly-
mer. The surface morphology of the PVA/CuI polymer electrolyte
films shows many aggregates or chunks randomly distributed on

Table 1
Bulk conductivity, activation energy, particle size (P.S.) and the optical parameters
(Eg and Eu) for PVA: C (NaI/CuCl2) polymer electrolytes.

C (NaI/CuCl2) �b (S cm−1) Eb (ev) Eg (ev) Eu (ev) P.S. (nm)

0 3.86 × 10−9 1.24 3.39 0.35 –
1.66  2.07 × 10−8 0.83 1.98 0.89 36
3.33  2.56 × 10−7 0.69 2.048 0.91 15
2θ ( degree )

Fig. 1. XRD patterns for PVA: C (NaI/CuCl2) polymer electrolytes.

repared by the solution cast technique. PVA solution was pre-
ared by adding first distilled water to solid PVA (C2H4O)n (where

 = 1800), and stirred by a magnetic stirrer at 70 ◦C for 2 h. After
ging the solution for another 1 h, when the temperature dropped
o room temperature, a solution of CuCl2 in H2O was first added
nto the PVA solution under stirring at room temperature; then dif-
erent NaI solution in H2O was added 2 h later drop wise into the
eaction vessel satisfying the ratio C = NaI/CuCl2, (C = 0, 1.66, 3.33,
, 6.67, 8.33 and 10), followed by stirring for another 2 h. The pro-
uction process of CuI was  according to the following reaction [10]

Cu2+ + 4I− → 2CuI + I2

he as-prepared polymer electrolyte was direct cast in Petri-glass
ishes and left for two weeks and then dried under evacuation at
oom temperature.

.2. Characterization

In order to investigate the structure of the polymer electrolyte
ayers, X-ray diffraction studies were carried out using ShimADZU
iffractometer type XRD 6000, wave length � = 1.5418 Å. The CuI
anoparticles powder was separated from composite solution
y centrifuge at 6000 rpm for 30 min. The precipitated powder
as then washed by water several times in order to remove

esidual NaCl by-product and the excess of reactants, and finally
he precipitant was left at room temperature to dry. The struc-
ure of precipitate was examined using X-ray diffraction. In
ddition, the morphology of the polymer electrolyte was exam-
ned using scanning electron microscope, SEM (JOEL-JSM Model
600).

Thick layers of polymer electrolyte of thickness between 200
nd 300 �m were subjected to conductivity measurements where
ilver past was used as conducting electrodes on the desired area.
lectrical measurements were carried out in the temperature range
03–373 K using PM 6304 programmable automatic RCL (Philips)
eter in the frequency range 0.1–100 kHz. The optical absorption

f the polymer electrolyte films was measured in the wavelength
ange 190–1100 nm using JENWAY 6405 UV–visible spectropho-
ometer at room temperature.

. Results and discussion

.1. X-ray diffraction investigation

A typical XRD pattern of the as-prepared polymer electrolyte
Please cite this article in press as: E. Sheha, et al., Structure, dielectric an
electrolyte for photovoltaic cells, Optik - Int. J. Light Electron Opt. (20

hown in Fig. 1, abroad peak around 19.44◦ observed for pure
VA. As the C ratio increases up to 5, new sharp peaks raised at
5.49◦, 42.24◦ and 49.99◦ indicating the growth of CuI crystallites in
he polymer matrix. Above such concentration the observed peaks
2θ (degree )

Fig. 2. XRD pattern for the solid separated CuI.

disappear, besides a broadness and reduction of height of the essen-
tial peak of PVA was  observed. This is in agreement with Hodge
et al. [11] criterion, which established a correlation between the
intensity of the peak and the degree of crystallinity.

A typical XRD pattern for the powder precipitate by centrifuge
is shown in Fig. 2, it shows three diffraction peaks at 25.28◦, 42.08◦

and 49.76◦ corresponding to the (0 1 2), (1 1 0) and (2 0 2) planes
of CuI crystals which could be indexed to hexagonal structure (the
lattice constants are, a = 4.291 Å and c = 21.48 Å), which were consis-
tent with the literature data of JCPDS card No. 83-1145. The average
particle size can be calculated using the first sphere approximation
of Debye–Scherrer formula [12],

D = 0.9�

B cos �
(1)

where D is the average diameter of the crystals, � is the wavelength
of X-ray radiation, B is the full width at half maximum intensity of
the peak. The average particle size of CuI extracted by centrifuge is
∼55 nm.  The particle size of CuI embedded in polymer electrolyte
obtained at different mentioned C ratio is shown in Table 1. These
values of CuI particle sizes lie in the same range of those of pre-
cipitates 55 nm.  The apparent fluctuation of the particle size of
CuI phase may  be attributed to the particles aggregation and/or
complexation of NaI in PVA polymer matrix.

3.2. Morphology investigation

Scanning electron microscopy has been used to study the com-
patibility between various components of the polymer electrolytes
through the detection of phase separations and interfaces. It has
great influence on the physical properties of the polymer compos-
ite. Fig. 3(a and b) shows the SEM photograph of nanocomposite
polymer electrolyte. The films exhibit little density of grain distri-
bution at surface morphology. It can be seen from Fig. 3(c) that the
grain aggregates with increasing C ratio. It can also be seen that
d optical properties of p-type (PVA/CuI) nanocomposite polymer
11), doi:10.1016/j.ijleo.2011.06.066

5 1.11  × 10−6 0.7 1.99 1.17 57
6.67  7.65 × 10−7 0.69 2.14 0.88 23
8.33  7.8 × 10−6 0.5 2.047 0.91 56

10 2.48 × 10−5 0.33 2.12 0.84 55

dx.doi.org/10.1016/j.ijleo.2011.06.066
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Fig. 4. Impedance plots (Cole–Cole plots) for PVA: C (NaI/CuCl2) polymer elec-
trolytes at room temperature.
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he top surface. It was found that the dimension of those aggregates
mbedded in the PVA matrix was around 1–2 �m.  The results indi-
ate that the nano-sized CuI particles tended to form aggregates
nd dispersed into the PVA polymer matrix.

.3. AC spectroscopy

Fig. 4 illustrates the impedance plot of the imaginary part, Z′′,
gainst the real part, Z′, for polymer electrolytes at room temper-
ture. The impedance plot, in general, shows an arc (semicircle),
ts centre below the Z′ axis; the intersection with Z′ axis, rep-
esents the sample bulk resistance, Rb. It is also clear that the
ircle diameter decreases with increasing salt concentration. The
Please cite this article in press as: E. Sheha, et al., Structure, dielectric an
electrolyte for photovoltaic cells, Optik - Int. J. Light Electron Opt. (201

alues of bulk conductivity �b of the polymer composites were
btained (�b = d/RbA, where d is the film thickness and A is its
ffective area) for different ratios of C in the polymer electrolyte.
C (NaI/CuCl)

Fig. 5. The dependence of �b on the concentration C = NaI/CuCl2.

The values of �b increase exponentially with increasing C ratio,
Fig. 5,

�b = �bo exp
(

C

Co

)
(2)

where �bo is the bulk conductivity at C = 0 (PVA bulk conductivity)
and Co is the effective NaI/CuCl2 ratio (the onset of salt conductiv-
ity enhancement). The values of �bo and Co are obtained by least
square fitting of Eq. (2);  they are equal to 7 × 10−9 S cm−1 and 1.19,
respectively. The value of Co is lower than the expected reactivity
C ratio (= 1.75) which can be attributed to the complexation of NaI
in the PVA matrix.

The conductivity of the present polymer electrolyte can be
explained as, at low concentration of CuI, the conductivity is mainly
due to the host polymer matrix. As the concentration of CuI phase
increases beyond Co, the conductivity is due to hole conduction
in CuI crystallites besides oxidation/reduction iodine in polymer
matrix. In other words as the C ratio increases, an excess of NaI dis-
solved in the polymer matrix contribute with the positive holes of
CuI particles in conduction process.

The frequency dependence of the total conductivity �tot(ω) for
the polymer electrolyte at 303 K is shown in Fig. 6, which follows a
universal power law [13],

�tot(ω) = �dc + Aωs (3)

where �dc is the dc conductivity (the extrapolation of the plateau
region to zero frequency), A is frequency independent pre-
exponential factor, ω is the angular frequency and s is the frequency
exponent. In addition the relation of �tot(ω) against frequency shifts
upward with increasing C ratio and the kink shifts toward higher
d optical properties of p-type (PVA/CuI) nanocomposite polymer
1), doi:10.1016/j.ijleo.2011.06.066

using the least square fitting, it can be observed that the expo-
nent s decreases with increasing temperature and its value lies
in the range 0.026 < s < 0.73. Accordingly, these results lead to the
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Fig. 6. Frequency dependent conductivity for PVA: C (NaI/CuCl2) polymer elec-
trolytes at room temperature.
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Fig. 7. Variation of the hopping rate ωp with the concentration of C ratio.

rediction that the domination of ionic component in hopping con-
uction which is the most suitable mechanism to explain the ac
onduction behavior in these polymer electrolyte [14].

In addition the transition between the nearly frequency inde-
endent region (dc conductivity) at low frequencies and that at

ntermediate frequencies (polarizing conductivity) may  occur at
 certain frequency ωp (defined as the hopping rate). This rose
rom the competition of both dc conductivity and that due to the
onic polarization besides the electronic one. The values of ωp are
btained by assuming that the ac conductivity is nearly equal to dc
onductivity at ω = ωp [15],

p =
(

�dc

A

)1/n

(4)

he obtained values of ωp shift to higher frequencies with increas-
ng C ratio obeying the following empirical relation,

p = aC2 + bC + d (5)

here a, b, and d are fitting parameters. The plot of ωp against C
hown in Fig. 7, shows maximum at 3.85 which indicates that as
he ratio C increases the hopping rate increases up to 3.85 due
o the increase of salt phase CuI and the excess of NaI which
ead to decreasing of the particle separation distance (hopping
istance).

Fig. 8 illustrates the temperature dependence of bulk conductiv-
ty �b at different C ratio which can be described by the following
rrhenius equation

bT = �bo exp
(

Eb

KT

)
(6)
Please cite this article in press as: E. Sheha, et al., Structure, dielectric an
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where Eb is the bulk conductivity activation energy. The val-
es of Eb are obtained by least square fitting of Eq. (6) and listed

n Table 1. It is clearly observed that Eb decreases, where the
alue of bulk conductivity increases, with increasing C ratio. Druger
Fig. 9. Variation of (a) dielectric constant ε′ , (b) dielectric loss ε′′ with frequency for
PVA: C (NaI/CuCl2) polymer electrolytes at 303 K.

et al. [16] have attributed the increase in conductivity with tem-
perature in solid polymer electrolyte to segmental (i.e. polymer
chain) motion, which results in an increase in the free volume
of the system. This, in turns, results in the ions to hop from one
site and provides a pathway for ions to move. In other words,
the segmental movement of the polymer facilitates the transla-
tional ionic motion. From this, it is clear that the ionic motion is
due to translational motion/hopping facilitated by the dynamic
segmental motion of the polymer, the increase of charge carrier
mobility. As the matrix amorphicity increases the polymer chain
acquires faster internal modes in which bond rotations produce
segmental motion to favor inter and intra-chain ion hopping, and
thus the degree of conductivity becomes high. Frequency- and
temperature-dependent conductivity is caused by the hopping of
the charge carriers in the localized states and also due to the exci-
tation of the charge Carriers to the states in the conduction band
[17].
d optical properties of p-type (PVA/CuI) nanocomposite polymer
11), doi:10.1016/j.ijleo.2011.06.066

Fig. 9(a and b) shows the variation of the dielectric permitivity ε′

and dielectric loss ε′′ versus frequency respectively at room temper-
ature, 303 K. Both ε′ and ε′′ decrease monotonically with increasing
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ig. 10. Variation of (a) dielectric constant ε′ , (b) dielectric loss ε′′ with temperature
or PVA: C (NaI/CuCl2) polymer electrolytes at 1 kHz.

requency in the frequency range of ω� > > 1. This behavior can be
escribed by the Debye dispersion relations [18]:

′ ∼= ε∞ + εs − ε∞
1 + ω2�2

, ε′′ ≡ (εs − ε∞)ω�

1 + ω2�2
(7)

here ε∞ and εs are the static and infinite dielectric permittiv-
ties, � is the relaxation time and ω is the angular frequency. The
ecrease of ε′ and ε′′ with frequency can be associated to the inabil-

ty of dipoles to rotate rapidly leading to a lag between frequency of
scillating dipole and that of applied field. The variation indicates
hat at low frequencies the dielectric constant is high due to the
nterfacial polarization and the dielectric loss (ε′′) becomes very
arge at lower frequencies due to free charge motion within the

aterial [19].
Fig. 10(a and b) shows the variation of the dielectric constant ε′

nd dielectric loss ε′′ versus temperature T, at constant frequency
 kHz. It is clear that ε′ and ε′′ increases with increase temperature.
his behavior is typical of polar dielectrics in which the orientation
f dipoles is facilitated with the rising temperature and thereby the
ermittivity is increased [20].

.4. Optical absorption studies

The optical absorption spectrum is an important tool to obtain
ptical energy band gap of crystalline and amorphous materials.
he fundamental absorption, which corresponds to the electron
xcitation from the valance band to the conduction band, can be
sed to determine the nature and value of the optical band gap.
oncerning the optical transitions resulting from photons of energy
� 
 Eg, the present optical data can be investigated according to
he following relation ship for the near edge optical absorption [21],

1/n
Please cite this article in press as: E. Sheha, et al., Structure, dielectric an
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˛h�) = A(h� − Eg) (8)

here  ̨ is the absorption coefficient, � is the frequency, h is the
lanck’s constant, A is a constant, Eg is the optical energy band gap
etween the valence and the conduction bands and n is the power
hυ (ev)

Fig. 11. The dependence of (a) (˛h�)2, (b) Ln(˛) on the photon energy h�.

that characterizes the transition process, where it is equal to 1/2 for
direct allowed transition. The direct band gaps were obtained from
the linear portion of (˛h�)2 vs. h� plot as shown in Fig. 11(a), the
values of Eg obtained are given in Table 1. From the table we  find
that the increase of salt concentration has been small significant
change on the optical gap width which mainly depends on the CuI
particle size in the polymer matrix. As the size of semiconductor
particles decreases to the nanoscale, the band gap of the semi-
conductor increases, causing a blue shift in the UV–vis absorption
spectra due to quantum confinement [22].

On the other hand, for optical transitions caused by photons
of energy h� ≺ Eg, the absorption of photons will be related to the
presence of localized tail states in the forbidden gap. The width of
this tail, the Urbach tail, is an indicator of the defect levels in the
forbidden band gap. The following relation was  used to calculate
the width of the Urbach tail [23]

 ̨ = ˛o exp
(

h�

Eu

)
(9)

where ˛o is constant and the Urbach tail Eu was determined from
the slope of the straight lines of Ln(˛) versus photon energy h� of
Fig. 11(b). The results of Eu are given in Table 1.

The magnitudes of Eb obtained from conductivity data are small
in comparison with optical band gap energies. This is due to the
fact that their nature is different. While the activation energy cor-
responds to the energy required for conduction from one site to
another, the optical band gap corresponds to interband transition.

4. Conclusion
d optical properties of p-type (PVA/CuI) nanocomposite polymer
1), doi:10.1016/j.ijleo.2011.06.066

Synthesis of CuI by means of reducing CuCl2 by NaI in an aque-
ous PVA solution succeeded and resulted in a p-type semiconductor
nanocomposite (i.e. PVA/CuI). XRD results indicated the hexagonal
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hase of CuI nanoparticles were formed within the PVA matrix.
he optical absorption measurements indicate that the absorption
echanism is due to allowed direct transitions for all samples.

he optical band gap and Urbach energy values change with the
hange in the particle size of CuI and its concentration inside the
olymer matrices and due to quantum confinement. Activation
nergy values obtained from the conductivity data were in the
ange 0.33–1.24 eV. This type of electrolyte could thus be a suitable
andidate for photovoltaic cells, although a further enhancement in
onic conductivity, especially at the lowest temperature, is desired.
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