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Abstract

Nanocrystalline copper doped zinc oxide thin films were prepared via a modified 2-methoxyethanol sol-gel dip-coating technique at various
concentrations of copper in the range 0-5 wt%. The X-ray diffraction analysis confirmed the copper doped zinc oxide hexagonal wurtzite
structure. The copper ions interstitially substitute zinc ions in the hexagonal structure which resulted in the decrease of the crystallite size from
25 nm to 16 nm. A decrease in the lattice parameters was observed up to 2 wt% of copper ions followed by an increase. Scanning electron
microscopy showed a homogenous distribution of the prepared films along the glass substrates. Energy dispersive spectroscopy confirmed the
stoichiometry and high purity of the prepared films. The optimum optical band gap was achieved at 2 wt% of the copper ion concentration. The
prepared films showed a high transparency in the visible region with an average value of 89%. The /-V characteristics showed Ohmic behavior up

to 3 V. The electrical resistivity showed a lowest value (0.2 Q cm) for the film doped with 2 wt% of copper.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Transparent conducting thin films received a great deal of
attention because they allow one to achieve large values of
electrical conductivity, whilst maintaining high transmission in
the visible range of the electromagnetic spectrum [1,2]. Since
the advance of this type of materials, vast research and
development have gone into commercialization of these thin
film coatings [3,4]. The current commercial products are based
on n-doped metal oxide thin films, so-called transparent
conducting oxides (TCQO's). Most of these transparent metal
oxides are n-type semiconductors and are employed in various
technological applications, such as heat-mirror window-coat-
ings, which control the transmission of infrared energy into
and out of buildings, photovoltaic cells, touch-screen technol-
ogy, and light emitting and plasma screen displays [5—8].
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However, p-type transparent metal oxides are nearly non-
existent due to difficult fabrication and hole injection into
metal oxide semiconductor materials [9,10]. Tin doped indium
oxide (ITO) is one of the popular transparent metal oxides that
has been widely investigated and used commercially [11]. ITO
has electrical conductivity of ~10* Q" cm™' and transmis-
sion of > 80%. This is close to metallic conductivity, in a
material that is transparent, thus it has resulted in many
important applications such as current spreading layers in light
emitting diodes and thermal insulation for windows [12,13].
The high cost of indium and tin, however, has spawned the
search for an alternative to ITO and zinc oxide is fast emerging
as such.

The unique optoelectronic properties of zinc oxide, the low
cost and its nontoxicity have attracted attention in the recent
years [14—16]. The electrical and optical properties, high
mechanical and chemical stability make zinc oxide the
promising material for TCO's. The abundance of ZnO in
nature makes it a lower cost material than the majority of the
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currently used TCO's (SnO,, ITO). The average amount of
zinc available in earth's crust is 132 ppm while for indium, it is
only 0.1 ppm and for tin, it is 40 ppm [17].

Herein, we developed a novel procedure to prepare copper
doped zinc oxide thin films at different copper concentrations
via a modified 2-methoxyethanol sol—gel dip-coating technique
to improve the transparency and the conductivity of these films
to be close to the ITO values.

2. Experimental

In a typical synthesis, 1 mmol (0.22 g) of zinc acetate
Zn(CH3COO), x 2H,0 was dissolved in 40 mL of 2-propanol
to form a clear zinc acetate solution. Then 1 mmol (0.076 g) of
2-methoxyethanol was added to the zinc acetate solution and
kept stirring for 30 min at 60 °C until forming a homogeneous
viscous solution. Glass substrates were cleaned by acetone in
ultrasonic bath for 2 h, followed by washing with de-ionized
water and then dried by nitrogen. The pre-cleaned quartz
substrate was immersed into the viscous gel by dipping at
cross-head speed 1 mm/min, left in the gel for 5 min and then
withdrawn with the same cross-head speed. This process was
repeated multiple times until the desired thickness was obtained
(220 nm). After the dip coating process the glass coating films
were treated at 100 °C for 10 min in an electric oven to
evaporate the solvent and to remove organic residues followed
by calcination of these films at 350 °C for 2 h.

The zinc hydroxide synthesis was carried out according to
the following chemical equation:

Zn(CH3COO0),(H,0), + 2C3H;0H — Zn(OH), + 2C,H,0,
+ 2C,HsCH,OH

Calcination at 350 °C for 2 h allowed transformation of zinc
hydroxide to zinc oxide:

Zn(OH),350 °C(2 h) ZnO + H,01

Copper doped zinc oxide thin films have been deposited on a
glass substrate according to the above procedure with addition
of the required amounts of copper nitrate to allow from 1 wt%
to 5 wt% of copper. The required amount of copper nitrate was
added to the zinc acetate solution, then left stirring until a clear
homogeneous viscous solution formation. This viscous solu-
tion was served as the coating source.

The X-ray diffraction (XRD) of the films prepared was
carried out with Rigaku-Ultima-IV X-ray diffractometer, Seron
Inc. Transmission electron microscopy (TEM), selected area
electron diffraction (SAED) and energy dispersive X-ray
spectroscopy (EDS) were carried out with AIS 2100 TEM
microscope at accelerating voltage of 200 kV. The optical
measurements were conducted with WVASE32 ellipsometry
supplied by J.A. Woollam Co., Inc. and the -electrical
measurements were performed with the Keithley 6514
electrometer.
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Fig. 1. XRD patterns for copper doped zinc oxide thin films.

3. Results and discussion

3.1. X-ray diffraction analysis of copper doped zinc oxide
thin films

Fig. 1 depicts a typical X-ray diffraction patterns for the Cu-
doped with ZnO thin films at different dopant concentrations.
The diffraction peaks at the angles 31.4°, 34.53°, 36.5° and
43.2° are assigned to the reflections from the (100), (002),
(101) and (102) planes, respectively. All the patterns are
assigned to the hexagonal zinc oxide structure according to
ASTM data card 5-664 [18]. No phase corresponding to
copper or copper oxide was detected in the XRD patterns.
According to the results obtained from XRD measurements
one can conclude that the zinc oxide hexagonal structure is
preserved up to 5 wt% of the copper dopant. The preferential
orientation is along the (002) crystal plane at 260=34.53° for
all prepared films. The diffraction peak (002) is also slightly
shifted as the Cu-dopant concentration increased. This resulted
in a change in the lattice constants. In order to calculate the
lattice constant parameters, the Bond Model was utilized [19].
According to Bragg's law, the inter-space lattice parameter,
duu, can be estimated from the diffraction angle as follows

/1:2dhkl sin O (1)

where A is the wavelength of the X-ray source and djy; is the
lattice spacing parameter.

Eq. (1) may be written in the form

1 4
—— = —sin’0 2)
d w4
For hexagonal crystal structure, the lattice constants, a and c,
may be given as

1 4 + hk + k2)+12

— 3
dhklz 302 6‘2 ( )
Combining (2) with (3), one obtains

27 2
sin%0 = @(hz + hk + kz)] + [@ 12] (4)

The a and c lattice constants for the copper doped zinc oxide
hexagonal structure was estimated according to Eq. (4) and
presented in Fig. 2.
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Fig. 2 reveals the variation of lattice parameters against the
copper ion concentration. The lattice constants first decreased
as the Cu dopant concentration increased up to 2 wt% then
increased. One can assume that an interstitial substitution of
Cu in Zn sites has occurred up to 2 wt% and resulted in a
reduction of the d-spacing of the ZnO hexagonal structure. At
higher Cu concentrations, the copper ions are apparently
located between the ZnO planes, causing an increase in the
d-spacing [20].

The average crystallite sizes in the copper doped zinc oxide
thin films were determined by Scherrer's formula [21]

ok
" fcos O

where R is the domain crystallite size, A is the wavelength of
X-ray source, k is the constant which is equal 0.94 for
hexagonal structure, P is the full width at half maximum and
0 is the diffraction angle. The average crystalline sizes of the
copper doped zinc oxides are presented in Table 1.

®)

3.2. Surface morphology of Cu-doped zinc oxide thin films

The surface morphology of the films on a glass substrate was
investigated by the scanning electron microscopy using the
sample containing 1 wt% of Cu as an example. Fig. 3 displays
the SEM image for the surface of the as deposited Cu-doped zinc
oxide film. The surface of the film contains grains with an
average size of 162 + 11 nm. These grains are homogenously
distributed along the surface of the films showing no voids.

The elemental composition of the Cu-doped zinc oxide film
with 1 wt% of Cu was estimated by EDS (Fig. 4). The EDS
spectrum shows that the sample contains only copper, zinc and
oxygen. No other elements were found confirming the high
purity of the films prepared. The molar ratios of the Cu:Zn:O
are indicated in the table inset of Fig. 4 which correspond to
1.01 wt% Cu, 47.16 wt% Zn, and 51.83 wt% of oxygen,
confirming the expected stoichiometry of the film.
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Fig. 2. Calculated lattice constants for Cu-doped zinc oxide thin films.

Table 1
Average domain crystalline size of Cu-doped zincr oxide films.

3.3. Optical properties of copper doped zinc oxide thin films

The optical absorption spectra of the as-prepared films were
examined to estimate the optical band energy gap, E,,
according to Tauc's relation [22]

A
a= E(hz/— E,)" (6)
where a is the absorption coefficient (a=4zk/A), hv is the
incident photon energy and n is the constant, the value of
which depends on the transition type. For allowed direct

Fig. 3. SEM image for the surface of the Zng99Cug ;O thin film.
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Fig. 4. EDS spectrum of the Zng 99Cug ;O thin film.
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Fig. 6. The variation of E, with copper concentration for Cu-doped zinc oxide
thin films.

transitions the following equation is true:
(ahv)* = A (hv— E,) (7)

Fig. 5 exhibits the dependence of (a/hv)” on the hv. The optical
band gap was estimated from this figure for all deposited films.
Fig. 6 shows the influence of the copper concentration on the
optical band energy gap of the ZnO thin films. One can see that
the band energy gap decreased with increasing concentration
up to 2wt% and then increased. This behavior may be
attributed to the Moss—Burstein effect. For the Cu concentra-
tion above 2 wt%, the copper ions tend to locate between ZnO
lattice planes which results in an increase of the hopping path
of charge carriers and in turn, an increase of the band gap [23].

The optical transmittance is an essential optical parameter for
transparent metal oxides. The transmittance was determined from
the optical absorption coefficient according to (T=e~*?), where d
is the film thickness which is determined from ellipsometry
measurements (~214 + 6 nm). The transmittance as a function of
a wavelength was plotted in Figs. 7 and 8 for Cu-doped zinc oxide
thin films. Clearly, the optical transmittance is decreased with the
addition of the Cu ions with the lowest value of 80% at 3 wt% of
copper. At lower and higher copper concentrations, the transmit-
tance is higher, indicating that the film transparency is largely
preserved.
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Fig. 7. The optical transmittance against wavelength for Cu-doped zinc
oxide films.

3.4. Electrical properties of copper doped zinc oxide thin films

Fig. 9 shows the I-V characteristic curves for the ZnO thin
films prepared at different concentrations of copper ions. One
can see that the samples exhibit a linear relationship up to 3 V,
which is assigned to Ohmic behavior. The -V relation is
mainly defined by the well known relation Ie<V" [24], where n
is an exponent, the value of which determines the kind of the
conduction mechanism. For n=1, the conduction mechanism
obeys Ohm's law, while for n=2, the conduction mechanism
is a space charge limited conduction mechanism (SCLCM)
[25]. The value of n can be obtained from the slope of log 7 vs.
log V. For all prepared samples it was found that the value of
n~1, confirming that the films follow Ohmic behavior. It was
also observed that at a fixed voltage, the current depends on
the amount of copper ions incorporated in the zinc oxide
structure.

The resistivity of the samples was also measured. Fig. 10
shows the evolution of the electrical resistivity of ZnO thin
films as a function of Cu concentration. The electrical
resistivity decreased with increasing copper concentration,
reaching the minimum value at the copper content of 2 wt%.
However, upon the further increase of the copper concentra-
tion, the resistivity values increase. For the Cu content below
2 wt% the decrease of resistivity can be due to the increase of
the amount of Cu atoms that are incorporated into the ZnO
lattice in the Zn sites, supplying a hole for each Cu atom, until
maximum solubility of Cu in the ZnO lattice is reached,
matching minimum value of resistivity. This means the Cu
ions in the ZnO lattice act as acceptor impurities. For the Cu
content above 2 wt%, the copper ions are no longer able to
occupy more Zn sites and a segregation of Cu ions takes place
around the grain boundaries or interstices, causing a rise of the
electrical resistivity.

4. Conclusion

Copper doped ZnO oxide thin films of different compositions
have been successfully prepared via a modified 2-methoxyethanol
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Fig. 8. The maximum transmittance against copper concentration in Cu-doped
zinc oxide films.
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Fig. 10. Resistivity dependence on the Cu concentration for Cu-doped zinc
oxide thin films.

sol-gel dip-coating technique. The films are homogeneous with
evenly distributed grains on the surface of a glass substrate. XRD
indicates that the ZnO hexagonal phase structure has been
preserved after incorporation of copper ions in the range 1-5 wt
% but the lattice constants are copper ion concentration depen-
dent. The copper ions interstitially substitute zinc ions in the
hexagonal structure which results in a decrease of the crystal size
from 25 nm to 16 nm. EDS confirmed the high purity of the

prepared films and intended stoichiometry. The films prepared
attained a lowest optical band gap at 2 wt% of copper. The
electrical measurements depicted a linear regression up to 3 V.
The lowest electrical resistivity was also achieved at 2 wt.% of
the copper ion concentration.
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