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Thin films of ZnO and ZnTe semiconductors were deposited on ITO conducting glass substrates by sputtering and
electrodeposition techniques, respectively. On the other hand, thin films of ion conducting solid polymer electrolyte were prepared
by solution cast technique. The polymer is a blend of 50 wt% polyethylene oxide and 50 wt% chitosan. To provide redox couple
(I−/I3−), the polymer was complexed with ammonium iodide NH4I with addition of few crystals of iodine I2. Ammonium iodide
NH4I was added to the solution in different amounts (wt%) weight ratios to supply the charge carriers for the polymer electrolytes.
The highest ionic conductivity of the polymer electrolyte was 1.18 × 10−5 S cm−1 at room temperature. Structural and optical
properties of the semiconductor thin films were characterized by X-ray diffractometer and UV-Vis spectrophotometer. The XRD
shows crystalline structures for both ZnO and ZnTe thin films. The UV-Vis shows direct energy gaps EZnO of 3.1 eV and EZnTe

of 2.2 eV. The polymer film was sandwiched between the ZnO and ZnTe semiconductors to form ITO/ZnO/polymer/ZnTe/ITO
double-junction photovoltaic cell, and the photovoltaic properties were studied. The highest open-circuit voltage Voc, short-circuit
current density Jsc, and fill factor FF of the fabricated cells are 0.5 V, 55 μA cm−2, and 27%, respectively.

1. Introduction

The search for clean energy as an alternative to conventional
energy sources is rapidly increasing in the recent past. Photo-
voltaic cells can be a promising candidate. Silicon has been
the material of choice for photovoltaic designers because
it is inexpensive and relatively well understood—and, of
course, because it has properties that make it appropriate
for photovoltaic applications [1, 2]. Recent advances in
photovoltaic technology, however, have made other materials
in combination attractive for the design of solar cells. Design-
ers layer semiconductor materials with differing bandgap
energies to result in higher conversion efficiencies. Although
silicon can be used as one of these layers [3], alloys combining
Group II elements with Group VI elements are enticing choi-
ces because of the wide range of bandgap energies they of-
fer the designers [4]. The photovoltaic designer must max-
imize power by optimizing the tradeoffs between current
and voltage. To maximize current, it is desirable to capture
as many photons from the spectrum of solar radiation as

possible. A small bandgap may then be selected so that
even photons with lower radiation energies can excite elec-
trons into the conduction band. However, the small bandgap
results in a lower photovoltage. Additionally, the photons
with higher energies will have much of their energy wasted
as heat, instead of conversion into electrical energy. Alterna-
tively, the designer can choose a higher bandgap, but then
will not capture any photon energy less than that bandgap,
resulting in a lower photocurrent and, in turn, reducing
the output current of the device. Multijunction cells use a
combination of semiconductor materials to more efficiently
capture a larger range of photon energies. They do so without
sacrificing photovoltage or creating losses of heat to the
degree of single-junction cells.

Multiple layer solar cells consist of semiconductors with
decreasing bandgaps. The top layers are designed to absorb
higher-energy photons while transmitting lower-energy pho-
tons that are absorbed by lower layers of the cell [5].

Decades of research on single-junction thin film solar
cells led to an efficiency of 19.2% [6]. Higher efficiencies
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could be achieved by using stacked (multijunction)/tandem
solar cell structures [7].

Employing wide and small bandgap semiconductors in a
tandem solar cell reduces the energy losses inherent to single-
junction cells. The wide bandgap subcell lowers the ther-
malization losses associated with absorption of high-energy
photons in a small bandgap cell, and on the other hand the
small bandgap subcell absorbs the low-energy photons for
which a wide bandgap cell is not sensitive. Hence in a tandem
solar cell the photon energy can be better preserved. Recently
semiconducting organic molecules and polymers are being
considered for tandem solar cells, resulting in power con-
version efficiencies over 5% [8]. Multijunction solar cells
have attracted many investigators in recent years. The last 2
decades have seen large improvements in III–V compound
multijunction (MJ) solar cells. InGaP/InGaAs/Ge monolithic
cascade 3-junction cells with newly recorded efficiency of
31.7% at AM 1.5 (1-sun) were achieved on Ge substrates [9].
III–V compound multijunction (MJ)/(tandem) solar cells
have the potential for achieving high conversion efficiencies
of over 50% and are promising for space and terrestrial
applications [10]. Tandem junctions consisting of an amor-
phous silicon (a-Si:H) top cell and a microcrystalline silicon
(μc-Si:H) bottom cell are of particular interest since by this
concept stable solar energy conversion efficiencies of cells and
modules well above 10% have been achieved [11].

This paper describes our recent progress in a zinc-based
PV research. Alloys of Group II and Group VI elements as
well as other related compounds that lend themselves well
to the design of double-junction cells have been employed.
Zinc oxide (ZnO) thin film is one of the typical transparent
conducting oxides with a large bandgap of 3.36 eV suitable
to the application for such hybrid photovoltaic devices [12].
The other semiconductor material used is zinc telluride
(ZnTe) thin film. As it is a potentially low-cost semicon-
ductor for switching devices and multijunction solar cells
with a bandgap 2.26 eV [13]. Results on the performance
of ITO/ZnO/PEO/ZnTe/ITO double-junction photovoltaic
cells have been reported.

2. Experimental

2.1. Preparation of Semiconductor Thin Films. ZnO thin films
were deposited on ITO conducting glass substrates, by radio
frequency (rf) magnetron sputtering technique (MUE-ECO,
ULVAC, Inc.) by using 5.06-cm-diameter ZnO target with
99.99% purity. The distance from the target to the substrate
was 9.5 cm and the base pressure was 1×10−4 Pa [14, 15]
whereas samples of ZnTe were prepared by electrodeposition
technique [16]. The general approach of experimental and
characterization details were described in an earlier work
[17] and will not be repeated here. However, if excess of
elemental chalcogenide is unavoidable in the ZnTe films, heat
treatment allows its elimination.

2.2. X-Ray Diffraction. Structure and crystallography study
of deposited ZnTe and ZnO thin films were examined by X-
ray diffractometer (Shimadzu 6000), with operating voltage

and current of 40 kV and 30 mA, respectively. The X-ray
wavelength is 1.54 Å that proved the crystalline phase forma-
tion of cubic ZnTe and hexagonal wurtzite ZnO structures.

2.3. UV-Vis Characterization. For the determination of the
energy gap of ZnTe and ZnO samples, the best method is
to study the absorption edge through the measurement of
the absorption spectra by using UV-Vis spectrophotometer
(Lambda 35) with scan speed of 240 nm/min that confirms
energy bandgap of ∼2.3 eV and 3.36 eV, respectively.

2.4. Preparation of Electrolyte. The electrolyte films were pre-
pared by the solution cast technique. 0.25 g of PEO, polyethy-
lene oxide (Aldrich), and 0.25 g chitosan (FLUKA) were dis-
solved in 1% acetic acid solution. Differing amounts of
ammonium iodide (NH4I), according to the weight percent-
age ratio required, were added to the different solutions con-
taining the same amount of PEO and chitosan (Table 1). The
solutions were continuously stirred until complete dissolu-
tion of the salt. To get the redox couple, I−/I3− some iodine
(I2) crystals were added to each of the solutions containing
different amounts of NH4I and mixed thoroughly. The solu-
tions were then cast in different Petri dishes and left to dry to
form films.

2.5. Impedance Measurements. The nearly dry films were
removed from the Petri dishes, cut to the required size, and
the impedance were measured using the HIOKI 3531-01 LCR
Hi-Tester. Measurements were carried out over the frequency
range from 50 Hz to 1 MHz. The conductivity σ of the
electrolyte films were calculated from the following equation:

σ = t

RbA
, (1)

where t is thickness of the polymer film and A is the electro-
lyte-electrode contact area and Rb is the bulk resistance. The
bulk resistance value (Rb) was obtained from the plot (Figure
1) of negative imaginary impedance versus real impedance.

2.6. Device Assembly. Photovoltaic double-junction cells
were constructed and assembled using an ITO/ZnO window
electrode and ITO/ZnTe counter electrode. The polymer
electrolyte film with the highest room temperature conduc-
tivity was sandwiched between the two electrodes as shown
in Figure 2. The photovoltaic properties of cells configuration
ITO/ZnO/Polymer/ZnTe/ITO were studied. Current density-
voltage (J-V) characteristics for the determination of open
circuit voltage, Voc and short-circuit current density; Jsc was
carried out under dark and illuminated conditions. The ef-
fective area of the cell exposed to the light was 0.07 cm2. The
fill factor (FF) can be calculated from the following equation:

FF = JmaxVmax

JscVoc
. (2)

Jsc is the short-circuit current density (μA cm−2), Voc is the
open-circuit voltage (mV), and Jmax (μA cm−2) and Vmax

(mV) are the maximum current density and maximum
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Figure 1: The Cole-Cole plot showing bulk resistance Rb of sample
containing 45% ammonium iodide.
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Figure 2: ZnO/polymer/ZnTe junction.

voltage in the J-V curve, respectively, at the point of the max-
imum power output.

In this work a neon lamp was used for photoillumination.
Alnama et al. [18] observed optogalvanic (OG) transitions
corresponding to near-UV region between 380 and 420 nm.
The OG technique is a powerful spectroscopic tool that
complements absorption spectroscopy. Zhu et al. [19] have
reported 351 OG transitions in neon between 337 and
598 nm, and 223 of these OG transitions are associated with
neon transition. Reddy and Venkateswarlu [20] recorded
about 300 transitions in the OG spectrum of neon in
the visible wavelength region, 410–670 nm. Thakur and
Narayanan [21] observed two photon transitions from the
metastable 3s state to higher ns and nd states of neon between
500 and 548 nm. These results show that the neon spectrum
extends from the UV region and covers the visible range as
well. Since the energy gap of ZnO and ZnTe films are∼3.3 eV

Table 1: The electrolyte, composition and its conductivity at room
temperature.

Chitosan PEO NH4I σ

(g) (g) Wt. % (g) (S cm−1)

0.25 0.25 0 0.000 (5.17± 1.7) × 10−10

0.25 0.25 5 0.026 (1.59± 3.5) × 10−10

0.25 0.25 10 0.055 (2.35± 0.9) × 10−10

0.25 0.25 15 0.088 (8.52± 2.4) × 10−9

0.25 0.25 20 0.125 (1.84± 0.5) × 10−8

0.25 0.25 25 0.166 (1.84± 0.6) × 10−8

0.25 0.25 30 0.214 (9.21± 2.6) × 10−8

0.25 0.25 35 0.269 (2.25± 1.3) × 10−7

0.25 0.25 40 0.333 (9.5± 1.6) × 10−7

0.25 0.25 45 0.409 (1.18± 0.7) × 10−5∗

0.25 0.25 50 0.500 (9.83± 5.7) × 10−6

∗
: referring to the highest conductivity at room temperature.

and 2.2 eV, respectively, corresponding to a wavelength of
376 nm to 565 nm, the neon lamp can therefore be used
to illuminate the fabricated cells. The wavelength above
565 nm corresponding to the energy gap of ZnTe will be
transmitted and will not be absorbed by the electrons in the
semiconductors. The photons with energy greater than the
energy gap can produce electron-hole pairs but the excess
energy can be lost as heat.

3. Results and Discussion

3.1. Electrolyte Conductivity. The different compositions of
the electrolyte prepared in this study with their room
temperature conductivity are given in Table 1 that shows the
highest conducting sample, prepared by using 0.25 g PEO,
0.25 g chitosan, and 0.409 g NH4I. Although the conductivity
is not satisfactorily high enough, this sample was used to
make the semiconductor/polymer/semiconductor double-
junction. Figure 1 shows Cole-Cole plot for the highest
conducting sample at room temperature. The initial increase
in conductivity is attributed to an increase in the number
of mobile ions. However, the conductivity is then decreased
due to the formation of neutral ion pairs, as a result of
ion association. The intercept of the plot with the real
impedance axis represents the electrolyte bulk resistance
Rb. It is observed that the value of Rb is decreasing for
different compositions of the electrolyte prepared at room
temperature, which lead to higher ionic conductivity, based
on (1) in Section 2.5.

3.2. X-Ray Diffractogram. Figure 3 shows XRD pattern for
ZnO thin film prepared at room temperature. The diffrac-
togram exhibits peaks at 2θ = 30.5◦ and 34.7◦. ZnO peaks are
characteristic of the hexagonal form [22].

3.3. UV-Vis Spectrophotometry. To study the absorption edge
through the measurement of the absorption spectra, we
need to grow the ZnO samples onto an optically transparent
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Figure 3: X-ray diffraction spectra of as-deposited ZnO films
obtained at room temperature.
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Figure 4: The absorption spectrum of ZnO thin film.

substrate, in the region of our interest. The best candidate
is ITO coated glass, which is transparent in a spectral region
that includes the visible wavelengths and extended to 320 nm
in the ultraviolet. The energy gap value of the ZnO on
ITO/glass is less than the expected room temperature energy
gap reported for ZnO (Eg = 3.4-3.3 eV) [23, 24].

Figure 4 shows the result of the optical absorption
spectrum of ZnO thin film sputtered on ITO/glass substrate.
The extrapolation intersects with the wavelength axis at λ
= 400 nm presenting the corresponding energy gap (Eg =
3.1 eV.) of ZnO thin film on ITO/glass at room temperature
not far from the 3.4-3.3 eV reported by [23]. This result
shows that the prepared film is suitable for use for photo-
voltaic cell applications as window materials.

3.4. Device Fabrication and Characterization. For device
fabrication, the polymer electrolyte film with the highest
room temperature conductivity was sandwiched between the
ZnO and ZnTe semiconductors as shown in Figure 2.

The highest short-circuit current density; Jsc, open-
circuit voltage Voc and the fill factor FF obtained from
the cell with configuration ITO/ZnO/Polymer/ZnTe/ITO are
55 μA cm−2, 0.5 V, and 27% respectively. The J-V character-
istics of the ZnO/polymer/ZnTe cells in the dark and under
white light are shown in Figure 5. In the dark, the system
operates as a diode, since it shows a diode-like characteristic
and Schottky-type behavior. Under illumination the system
operates as a solar cell.
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Figure 5: J-V Characteristic of ZnO/polymer/ZnTe in the dark and
under illumination.

Excess iodine in the polymer electrolyte initiates I−/I3−

redox couple. During preparation of the electrolyte film, the
NH4I salt dissociates into NH+

4 and I−.
Upon illumination, electrons in the valence band of ZnO

semiconductor are exited into the conduction band due to
absorption of photons energy. These electrons will flow to
the counter electrode ZnTe through the external circuit. The
less energetic photons that are not absorbed in the ZnO
layer will penetrate the polymer electrolyte to the counter
electrode ZnTe where it can be absorbed and free electrons
will be released. Within the electrolyte a triiodide ion formed
from interaction between a monoiodide ion and an iodine
molecule:

I− + I2 −→ I3−. (3)

At the interface between electrolyte and ZnTe counter-
electrode, triiodide ion is reduced by an electron to a mono-
iodine ion and an iodine atom:

I3− + e− −→ 2I− +
1
2

I2. (4)

At the interface between electrolyte and ZnO electrode, the
monoiodine ion releases the electron back to ZnO semicon-
ductor by oxidation as shown below and the cycle continues:

I− −→ 1
2

I2 + e−. (5)

4. Conclusions

Double-junction photovoltaic cells of structure ITO/ZnO/
PEO-chitosan/ZnTe/ITO were fabricated by using different
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techniques. Sputtering for ZnO fabrication, electrodeposi-
tion for ZnTe, and solution cast technique for solid-state
polymer electrolyte. Structural and optical characterization
of ZnO and ZnTe exhibits hexagonal and cubic structures,
respectively, and energy gap of 3.1 and 2.2 eV, respectively.
Electrical characterization of the polymer electrolyte has
shown highest conductivity of 1.18 × 10−5 S cm−1. Device
performance has been measured in the dark and under illu-
mination. We have shown that PEO-chitosan blend can host
the redox I−/I3− couple for the operation of double-junc-
tion photovoltaic cells. The performance of the semiconduct-
or/polymer electrolyte/semiconductor double-junction solar
cell can still be improved by improving the electrolyte con-
ductivity. The highest short-circuit current density; Jsc, open-
circuit voltage Voc and the fill factor FF obtained from
the cell with configuration ITO/ZnO/polymer/ZnTe/ITO are
55 μA cm−2, 0.5 V and 27%, respectively. The low output
current can be attributed to the low conductivity of the
electrolyte.
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