American Journal of Energy Research, 2019, Vol. 7, No. 1, 31-40
Available online at http://pubs.sciepub.com/ajer/7/1/4

Published by Science and Education Publishing
DOI:10.12691/ajer-7-1-4

g i

Optical and Electrical Properties of Cu-ZnO Prism
Shaped Nanocrystals by Microwave Combustion Method

Vidyasagar C. C*", Gururaj Hosamani?, Prakash Kariyajjanavar®

!Department of Chemistry, Rani Channamma University, Belgaum-591 156, India
?Department of Electronics, Kuvempu University, Shankaraghatta-577 451, India
3Department of Environmental Science, Gulbarga University, Kalaburagi-585106, India
*Corresponding author: vidya.891@gmail.com

Received September 04, 2019; Revised October 14, 2019; Accepted October 28, 2019

Abstract Dye-sensitized solar cells (DSSCs) are a low cost and promising alternative to standard silicon
photovoltaic cells; there is growing interest in near-infrared sensitization of semiconductor anode materials, which
converts to high power conversion efficiencies (PCEs). In this work, the effect of ion implantation and annealing
temperature has been studied to provide an effective approach for developing visible-light driven Cu-ZnO anode
materials for solar cells. Synthesis of ZnO and Cu doped ZnO nanoparticles via microwave combustion method
without using any fuel is proposed. The crystal structure, optical properties, surface morphology and electrical
properties were characterized by X-ray diffraction (XRD), UV-Vis spectroscopy, scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDAX) and Keithley Source meter. The results revealed that the
change in lattice parameters, decrease in the band gap and absorption peak shifting towards near-infrared region are
due to the change in concentration and annealing temperature. The change in crystal defects leads to an abrupt
change in bond length, unit volume and lattice strain in the Cu-ZnO crystals. Optical absorbance of copper
phthalocyanine pigment (Imperon Blue-15) sensitized Cu-ZnO films were found to be at 600 nm to 700 nm region.
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1. Introduction

Nowadays, the dye-sensitized solar cells (DSSCs) have
been considered as an alternative for the conventional
solar cells in various aspects such as low-cost fabrication
process. It is crucial to improve the cost-effective process
and utilization of longer wavelength is of significance for
exploiting efficient hybrid materials. Among all the metal
oxide semiconductors, ZnO will be considered as the most
significant and compatible multifunctional materials for
dye sensitized solar cells [1], fuel cells [2], batteries [3],
bio-sensors, photodiodes and photocatalysis [1,2,3]. To
extend its optical absorbance band into the longer
wavelength range, doping of metal ions has been carried
out to create ZnO photoactive layer under UV-Vis light
irradiation [4,5]. Doping of transition metal ions is a
powerful tool to tailor the optical and electrical properties
of semiconductors [6,7]. Selective doping of such
elements as Cu, Cr, Co, Ni, Mn, Cd and Fe offers various
transitions, which modify the lattice structure and optical
properties of ZnO crystals. Among all dopants, copper
is the most efficient doping element to modify the
structure and optical properties of ZnO crystals. Recently,
the results obtained for band gap tailored ZnO

crystal have shown a drastic change in the optical,
magnetic and electrical properties upon doping of Cr [8],
Fe [9], Co [10] and Cu [11]. Copper ion doping into the
ZnO lattice modifies the photoluminescent and electrical
properties by creating copper energy levels in the crystal
[12,13]. In addition, Cu behaves as n-type in ZnO lattices,
which makes it good p-type ZnO material [14,15].
Therefore, it is required to reduce the band gap of ZnO
towards longer wave length region. Recent studies have
explained the charge transfer phenomenon from ZnO
energy states to Cu Fermi level [16]. Many researchers
have reported n number of methods to optimize the
existing expensive experimental protocol for the preparation
of oxides of desired shapes [16,17] such as sol-gel [18],
microwave [19], solid state techniques [19], hydrothermal
[20] and spray pyrolysis [21], template-assisted growth
[21]. Among all conventional methods, the microwave
synthesis reduces the chemical reaction steps by several
orders of magnitude and restrains side reactions [22]. The
microwave solid-state reaction (SSR) method controls the
morphology and dimension without using expensive
solvents, fuels and multifaceted instruments [23]. In SSR
molecular dipoles react with microwave radiations
continuously to acquiescence themselves. In addition,
surfactant (ethylene glycol) in SSR decides the morphology.
This dipole spinning relative to the frequency of the
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irradiation loses its energy through molecular dielectric
friction [22]. Several groups have been used near IR dyes
as sensitizers in DSSCs obtaining rather low conversion
efficiencies. This is mainly due to the formation of
aggregates and difficulties to obtain dyes with appropriate
energy levels of the excited states. A number of dyes and
pigments have been synthesized to improve the absorption
edge towards IR region, which could generate the number
of effective electrons [24].

Therefore, this work is aimed at low-cost technology
for the preparation of Cu-ZnO crystal and to study the
effect of Cu®* on the structural and optical properties of
pyramid shaped ZnO crystal at different annealing
temperature. Wang et al. reported that, Cu™ ion could be a
reason for increasing crystal size. In our case Cu* ion is
more preferable to replace the Zn®* ions in ZnO lattice,
which enhances the maximum absorption peak towards
the NIR region.

2. Experimental

Zinc nitrate hexahydrate [Zn(NOs),-6H,0] was
procured from Himedia Laboratories Pvt. Ltd., and
ethylene glycol was procured from Sd-Fine-Chem Ltd.
(Mumbai, India). All the chemicals were of analytical
grade and were used as received without further
purification. Double distilled water was used for the
preparation of solutions. The synthesis of pyramid shaped
ZnO structures was carried out in a domestic microwave
oven (Onida Power Solo 17D) operating at 40 % power of
800 W. Copper phthalocyanine [CAS No. 147-14-8]
(C3H16CuNg) was sensitized on Cu-ZnO films, which was
procured from Dye Star Company, Mumbai.

2.1. Synthesis of Pyramid-shaped ZnO
Nanostructures

In a typical synthesis, 30 g of zinc nitrate hexahydrate
was mixed in a dry beaker containing minimum amount
(2 mL) of ethylene glycol. Initially the mixture was stirred
vigorous using a glass rod and placed in a domestic
microwave oven. The solution was exposed to the
microwave energy 2300 MHz and 40% power for 6 min.
Initially, the reaction mixture was boiled and subsequently
it underwent dehydration followed by decomposition with
the evolution of heat and gases (O,, NO,) with pale orange
color fumes. The combustion was completed within 10
min resulting in the formation of a white porous powder
of ZnO. The resulting solid was subsequently annealed at
450 °C in a muffle furnace and finally a fine crystalline
powder of ZnO was obtained. Similar procedure has been
followed for the synthesis of Cu doped ZnO nanoparticles
at different temperature.

2.2. Fabrication of P-type Anode Electrodes

As synthesized metal oxide semiconducting nanoparticles
were used to prepare films by doctor blade method. Glass
plate of 2 cm x 2 cm dimension was used as a substrate.
Metal oxide semiconducting nanoparticles (500 mg) were
dispersed in 1:1 water and ethanol (v/v) system by
sonication followed by stirring until gelatine occurred

(5 min) to obtain a paste of appropriate viscosity. The
resultant paste was coated on a transparent glass plate by
doctor blade method using a scotch tape as a spacer. The
paste was flattened uniformly with a thin blade and then
annealed at 80°C for 30 min in air to eliminate water and
alcohol adsorbed on the semiconductor surface. Dye
solutions of 0.5 mM were prepared using dilute ethanol
and water system (20 mL alcohol + 5 mL water)
(Figure 1). Semiconductor films were immersed into dye
solution for 1 h to coad the dye on the surface of
semiconductor electrodes. After dye adsorption, the films
were exposed to sunlight for 30 min. Then UV-Vis
absorbance was recorded for all the samples to investigate
the light response.

Figure 1. Shows the fabrication of dye sensitized sample by doctor-blade
method

2.3. Characterization of Nanostructures

XRD patterns were recorded on a Philips X’Pert X-ray
diffractometer using CuKa radiation. The size distribution,
structural and surface morphology of the samples were
analyzed by field emission scanning electron microscope
(FE-SEM) equipped with an energy dispersive X-ray
spectroscopy (EDAX), model: Nova Nano SEM600-FEI.
The optical absorbance and photoresponse of pure and
doped samples was measured on a UV-Vis spectrophotometer,
model: USB 4000, Ocean Optics, USA. |-V characteristics
were studied by Keithley source meter with USB GRIB
adaptor, model: 2401.

3. Results and Discussion

3.1. Structural Analysis

The change in the structural morphology has been
reflected by the variations in XRD patterns of
as-synthesized samples (Figure 2A and Figure 2B). All the
diffraction peaks in the XRD correspond to JCPDS Card
No. 80-0075 of hexagonal wurtzite having lattice
parameters a = 3.2500 A and ¢ = 5.2079A (Figure 1a). No
contamination (CuO or Cu,0) peaks have been observed
in any of the Cu doped ZnO samples within the detection
limit (Figure 2b to Figure 2d). The slight variation in the
lattice parameter of the same phase can be attributed to the
change in the crystallite size in the doped samples. The
peak positions are shifted slightly to the right (higher
angle) (Figure 2b) as compared to pure ZnO (Figure 2a)
[1]. This shift in the peaks position illustrates the
incorporation of Cu into the lattice of ZnO. The full width
at half maximum peaks (1 0 0) and (2 0 0) are found to
be decrease with increasing intensity for the doped
samples and continuous to decrease with increasing
dopant concentration. This results, there is a observable
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change in lattice parameter c, but apparent increase in
lattice parameter a, which indicates clearly that the Cu
doping distorted both a and ¢ parameters in ZnO lattice,
which in turn caused the reduction of unit cell volume [1].
It is attributed to the substitution of Zn** ions by Cu®* ions.
At higher concentration of Cu*, even though it replaces
Zn* jons but also it may enter into the interstitial planes
of ZnO, which causes sudden increase in the
unit cell volume and dimension with Zn-O-Cu bonding
structure [25] (Figure 2b). This evidently shows the
irregularity in the crystallite structure. The lattice
constants a and ¢ were found to be 3.2509 A and 5.2073 A,
respectively. As for Cu-ZnO, the lattice constant a
decreased to 3.2491 A and ¢ decreased to 5.2038 A. The
d-spacing of the lattice fringes of the ZnO pyramid
structures is 2.8154 A for (1 0 0) and 2.6036 for (0 0 2)
planes. For Cu doped ZnO d-spacing found to be
decreased to 2.8138 and 2.6019 A, respectively
(Figure 2b). The shrinkage of lattice cell and d spacing
after doping is due to the substitution of Zn** by smaller
Cu* in (1 0 0) and (2 0 0) planes [1]. The Cu can exist in
Cu*, Cu* and Cu® ions having ionic radii 0.077 nm,
0.073 nm and 0.054 nm, respectively. The data show that
the lattice parameters a and c¢ decreases gradually up to
1.6 % (Figure 4) due to the substitution of Cu®* ions into
the Zn?* ions sites. Since the ionic radius of Cu®* (0.73 A)
is slightly smaller than of Zn** (0.74 A), hence, the Cu*
ions are incorporated uniformly into the lattice in
substitution mode, but not in interstitial mode. The slow
increment in the lattice parameter “a and c¢” for
concentration of 2.5 % to 5 % (Figure 2Bd and Figure 3Be)
reveals the substitution of more Cu®* (0.073 nm) due to
smaller ionic radius compare to Cu* ion (0.77 nm) in Zn?*
(0.074 nm). From the results, we observe both Cu® and
Cu* ions incorporated into ZnO crystal at 2.5 % of Cu
concentration. When Cu is entered into the lattice, Cu**
placed into the position of Zn**, which leads to a reduction
in the lattice constants. However, the incorporation of
copper does not influence the structure of hexagonal
pyramid shaped ZnO. But, the defects were found while
crystal growth. The crystal defected points are chemically
active sites, where crystal starts growing through the
nucleation of particles. Usually, ZnO grows preferentially
along [1 0 0] direction in aqueous solution because of the
lowest surface energy of (1 0 0) facet. The ionic surfactant
reduces the surface energy of the polar surfaces, which
resulted in the growth mechanism of the hexagonal micro
pyramid along (1 0 0) axis [26]. It means that the
growth mechanism starts from the same point on the base
surface. However, comprehensive crystal growth process
is very difficult to examine. In many cases, time
dependent experiments results do not reflect accurately on
intermediate crystals, because it is very difficult to
immediately stop the crystal growth during the reaction
[27]. The intensity of (1 0 0) and (0 0 2) peaks gradually
increases with increase in annealing temperature
(Figure 3Be to Figure 3Bg). However, the peak intensity
of the sample annealed at 600 °C was found to be
increased (Figure 3Bf). Figure 3A and Figure 3B illustrate
the changes in (1 0 0) and (0 0 2) peaks position. As
shown in Figure 3Be to Figure 3Bg), when the
calcinations temperature increased from 450°C to 600 °C,
the peaks slightly shifted towards lower angles

(Figure 3Bf). On the other hand the strongest shift towards
higher angles has been observed in the sample annealed at
750 °C (Figure 3Bg). These shifts are associated directly
with the changes in the lattice and gradual enhancement of
crystal growth along both a and c-axis (Figure 4).

3.2. Surface Morphology Analysis

The surface morphology of all ZnO and Cu-ZnO have
been studied by FE-SEM, as shown in Figure 5, Figure 6
and Figure 7. During the crystal growth, the polar surfaces
usually appear as growing surface areas, because of their
high surface energy. By controlling the doping level
(Figure 5a to Figure 5d), it is possible to alter the growth
path of ZnO structures; the highest growth rate is usually
along c-axis (0 0 1) and the growth rate along [1 O O]
directions is slower than that in [0 O 2] direction, resulting
in pyramid morphology (Figure 7e). In case of dopants,
copper serves as structure-directing agent to adsorb
selectively on ZnO basal planes and modify the surface
morphology and crystal growth. For example, Cu?* ions
adsorbed on the (1 0 0) facets of ZnO crystals (Figure 7e
and Figure 7f) would significantly decreases the growth
rate of these facets. The strong interaction between the
ions of the ionic liquids (ethylene glycol) and the polar
surfaces form O% and Zn* ions stock up layer by layer
alternatively along the c-axis. The oppositely charged ions
produce positively charged zinc and negatively charged
oxygen surfaces, resulting in dielectric, dipole moment
and spontaneous polarization along the c-axis as well as a
difference in the surface energy. Interestingly these polar
surfaces make up hexagonal pyramid as shown in Figure 6.
The hexagonal pyramid has O-terminated surfaces for the
base and O-terminated planes of the side surfaces, which
are all polar surfaces. The Zn polarized direction is along
the tip of the hexagonal pyramid structure. Due to the
strong electrostatic interaction between the ions of the
ionic surfactants (ethylene glycol) and the polar surfaces,
the surface energy of the basal polar planes may decrease
greatly in comparison to those of other crystal faces,
resulting in a slow growth rate for those polar planes.
Therefore, the base of the ZnO hexagonal micropyramid
is the (0 0 2) plane [29]. The rate of particle aggregation
is a key factor that controls the surface morphology and
structure of the ultimate product. As the annealing
temperature increased, the Cu?* ions might get bonded on
the surface through nucleation process. The crystal growth
of Cu-ZnO pyramids along c-axis depends upon the
surface polarity of Zn** and O®. This polarity arises
due to the chemical potential difference between Zn®* and
O% at terminated surfaces. Substitution of electropositive
Cu?* jon in place of Zn* ions in the ZnO lattice would
increase the polarity of O* along the c-axis since
Cu?* ions get attracted O to a greater extent than the Zn**
ions. This shows that the growth of crystals along the c-
axis is more feasible. Under these conditions the
controlling step of the reaction will convert to grain
growth to crystal nuclei formation, which leads to an
increase in nuclear aggregation caused by the rapid
formation of aggregates among the crystal nuclei
(Figure 7g and Figure 7h). Figure 8 shows the energy
dispersive X-ray patterns of ZnO, which show the
presence of pure zinc and oxygen in ZnO nanostructures.



34

The EDAX spectra of Cu-ZnO (Figure 8b and Figure 8d)
show evidence for the presence of copper, zinc and
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tape pasted on copper grids used for the surface

morphology and elemental analysis (Figure 8b to

oxygen. A small carbon peak was appeared due to carbon Figure 8d).
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Figure 2. (A) Powder XRD pattern of ZnO and Cu-ZnO prepared at different wt% of copper, (B) Inset view of powder X-ray diffraction Figure 1
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Figure 3. (A)Powder X-ray diffraction pattern of ZnO and Cu-ZnO prepared at different annealing temperature, (B) Inset view of powder X-ray
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Figure 7. FESEM images of hexagonal pyramid samples prepared ZnO
and Cuyx Zn, O at different annealing temperature

Element | Weight% Atomic%

oK 12.92 38.87
InK 81.05 59.66
AuM 6.03 1.47

Element | Weight% Atomic%

CK 5.35 15.34
oK 22.47 48.41
Cuk 2.08 113

Element | Weight% Atomic%

CK 5.82 17.74
oK 18.69 42.79
CukK 8.79 5.07

Element | Weight% Atomic%

CK 4.12 15.06
oK 11.17 30.67
Cuk 16.93 11.71

Figure 8. EDAX spectra of hexagonal pyramid samples prepared ZnO
and Cu..« Zn, O at different concentration

3.3. Optical Properties of Dye Sensitized
Films

Figure 9 exhibits the UV-Vis absorption spectra of
pure ZnO and Cu ion doped ZnO crystals. The optical

absorption of pure ZnO was recorded in the ultraviolet
region (375 nm). The all Cu-ZnO samples were found to
be in the longer wavelength region, which reveals gradual
red shift as the concentration increased (Figure 9). Lan
Chen et al. [29] noticed that the absorbance depends upon
some factors, such as particle size, oxygen deficiency,
defects in grain structure, lattice strain, thickness etc. The
shift in the absorption peak describes the decrease in the
band gap is due to the secondary electronic states which
are formed by doping of Cu ions and from transition
between partially forbidden valence band and conduction
band (Table 1). Figure 10 shows the UV-Vis absorption
spectra of the samples annealed at different temperatures.
The Cu-ZnO samples annealed at higher temperature
exhibits significantly lower absorption edge, which is
shifted towards the longer wavelength region (IR range)
compared to the samples annealed at lower temperature
[1]. As the annealing temperature increased from 450 °C
to 750°C, the absorption edge shifted towards longer
wavelength region, because of increase in the crystallite
size at higher sintering temperature [30] (Figure 10). The
optical band gap (Eg) of the Cu-ZnO was determined by
using the formula, Eg = he/A, where h is Planck constant, ¢
is velocity of light and A is wavelength [1,31], where the
conduction type of Cu-ZnO lattice depends on annealing
temperature (Figure 10). Moreover, the reduction in the
band gaps were recorded from 2.16 eV to 1.84 eV (Table 1)
as the crystallinity gradually increased. The observed results
show that the annealing temperature is extremely important
in understanding the band gap arrangement. The optical
properties of the Imperon Blue-15 (IB) dye sensitized
Cu-ZnO films were also investigated by UV-Vis spectroscopy
for the same samples. The absorption spectra of the adsorbed
Imperon Blue-15 (IB) dye present on the surface of Cu-
ZnO exhibit obvious red shift compared to the pure Cu-
ZnO films. Figure 12 shows that, the absorption peak of
photoanode is broader than that of the pure dye (IB-15).
The shift in absorption edge near IR after dye sensitization
(800 nm) is due the change in the energy of the lowest
unoccupied molecular orbital (LUMO), causing = — w*
and dmr — =@* transitions to occur at higher or lower
energies [32] (Figure 13). Injection of additional electrons
from the dye to the Cu-ZnO due to the presence of
conduction band edge of Cu-ZnO is just below the LUMO
state of the copper phthalocyanine pigment [33]. The
transfer of electrons from the ground state of the dye
located in the semiconductor energy gap into the excited
state occurs, which is in resonance with the conduction
band of Cu-ZnO (inset of Figure 13). In addition to that,
the direct injection of electrons from the excited LUMO
state of copper phthalocyanine pigment into the
semiconductor CB state takes place, because of the strong
bonding of the copper phthalocyanine pigment on the
semiconductors surface (Figure 13).

3.4. Electrical Properties

The measured dark and UV-Vis illuminated -V
characteristics of ZnO and Cu-ZnO crystals are shown in
Figure 14. Ohmic behavior and non-linear behavior of the
I-V curves of ZnO and Cu-ZnO particles were observed in
the dark and under UV-Vis illumination, respectively. The
presence of impurities and asymmetry in the lattice may
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alter the effective potential barrier and inhibit the stream
of charge carriers at the grain boundaries [33]. These
boundaries act as active sites and potential walls which
lead to reduction of the carrier mobility by increasing
resistance and decreasing the conductivity (Figure 14Bd).
The abrupt fluctuation and increase in electron concentration
at different concentrations of impurities is due to the
Burstein-Moss effect (Figure 14Bd and Figure 14Cd). On
the other hand, the reduction of photocurrent is due to the
diffusion of depletion (junction) layer, when the
concentration of minority carriers at the interface exceeds
the majority carrier concentration at the grain boundaries,
the recombination at the interface leads to loss of
photocurrent (Table 1). Thus, the modification of surface
morphology, increase in the crystallinity and decrease in
the recombination rate can become the dominant mechanism
accounting for enhancing photo-current (Figure 14Cf and
Figure 14Cg). Under UV-illumination minority carrier
build up at the semiconductor interface due to slow charge
transfer [28] (Figure 14A and Figure 14C). The current at
a voltage of 4 V for the films under UV-illumination is
higher than that under dark conditions. The forward current
increases nonlinearly with forward bias voltage (Figure 14B
and Figure 14D). This indicates that the UV-Vis illumination
increases the production of electron-hole pairs at room
temperature (T ~ 30 °C). The resistivity was decreased by
doping of Cu into ZnO lattice (0.8 wt.% to 5.0 wt.%) under
UV-Vis illumination (Figure 14D). Moreover, at a certain
doping concentration of Cu the neutral defects may be
observed. These defects neutralize the excess charge carriers
(Figure 14Bd) under UV-Vis illumination, which may enhance
the resistivity [34]. Additionally, the reverse saturation
current (I) increases with the increasing doping percentage
of Cu at 0.8 % and 1.6 % (Figure 14Bd and Figure 14Cqg)
and decreases at 2.5 % in the Cu-ZnO film. Under suitable
conditions (Figure 14D), the UV-Vis light illuminating the
prepared films of Cu-ZnO increases the conductivity due
to increase the mobility of charge carriers at higher
temperature due to increase in crystallinity (Table 1). As the
crystallinity increases at higher temperature, significantly
it improves the conductivity and decreases the resistivity
of the Cu-ZnO films. This shows the significant characteristic
relationship between the resistance and conductance of the
pure ZnO and Cu doped ZnO nanoparticles.
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Table 1. Content of the Lattice strain, Bond Length, Band gap calculated from XRD data and Conductance values measured in Dark and UV

illumination, respectively

Lattice strain

Sample £ [107] Bond length Band gap Dark condition UV-light illumination
af[100] c[002] [A] [eV] Conductance Resistance Conductance Resistance
[A] (] [A] [Q]
a 4 3.6 5.3262 3.38 0.0292 34.247 0.1664 6.0096
b 3.6 2.7 5.3226 2.99 0.0354 28.249 0.3398 2.9429
c 3.6 39 5.3198 2.92 0.0546 18.315 0.4486 2.2292
d 3.3 3.6 5.3226 2.76 0.1654 6.0459 0.3062 3.2658
e 1 0.9 5.3253 217 0.367 2.7248 0.4421 2.2619
f 0.7 0.9 5.3304 2.16 0.2324 4.3029 0.4822 2.0738
g 1 0.9 5.3351 1.84 0.1624 6.1576 0.4914 0.2037
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Figure 13. UV-Vis absorption spectra of Copper Phthalocyanine pigment adsorbed on ZnO and Cu;.Zn,O at different annealing temperature. The films
were soaked in a dye solution of 0.05 mM dye
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4. Conclusions

The optimization of semiconductors composition
by the addition of any transition dopant is not the correct
method to improve the efficiency of Cu-ZnO-DSSCs, the
search for better dopant at optimized concentration and
temperature could be considered as an alternative strategy.
The results show that only in the ionic liquids, the Cu-
ZnO hexagonal micro pyramids could be grown. The
proposed microwave method is simple, easy to operate,
less time consuming and inexpensive. It is observed that,
dozens of smaller hexagonal pyramids are self-organized
into a bigger ZnO pyramids. The results revealed, the
peaks shift depends directly on the changes of the lattice,
gradual enhancement of crystal growth along both a and
c-axis and doping of Cu?" ions. The Cu-ZnO powders
annealed at higher temperature exhibits relatively lower
absorption edge, which is shifted towards the longer
wavelength region (IR range) compared to the samples
annealed at lower temperature. The ratio between the
forward and reverse current indicated that ZnO doped with
Cu at higher concentration and at higher annealing
temperature has a good rectification property. This method
of preparation may be considered for efficient utilization
of solar energy and industrialization.
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