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Enhancement of optoelectronic property on Al-

doped ZnO layers by the formation of CuO nano-

wire structures

Yen-Sheng Lin !

Yung-Hao Huang? Wei-Che Huang? Yu-Cheng Chang?

Associate Professor, Department of Electronic Engineering’

Abstract

In this study, the CuO nano-
wire structures are first observed on the
roughed surface of AZO seed layers,
which have different density with various
Cu thicknesses. After the deposition of
AZO capping layer, the structure and
optoelectronic properties of the finished
AZO/CuO nano-wires/AZO thin film
were studied. Structural characterizations
indicate that the CuO nano-wires are
mainly single crystal phases by high-
resolution transmission electron
microscopy (HRTEM). The optimum

density of CuO nano-wire structures were

38

Department of Electronic Engineering?

observed while sputtering with 6 nm Cu
thickness, which has the lowest resistance
of 1.4 x 10* Q-cm, and the average
transmittance from 400-800nm was about
84%. The best figure of merit of the AZO/
CuO nano- wires/AZO layer is 1.54x10"
2 (Q1), which promotes the application of

AZO on transparent conductive electrode.

Keywords: Transparent Conductive
Oxides(TCO), Aluminum-doped Zinc
Oxide (AZO), CuO nano-wire, RF

magnetron sputtering
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1.Introduction

Transparent Conducting Oxides
(TCO), which means the higher
transmittance than 80% in the visible
range (400nm~800nm) and lower the
resistivity than 10°Q-cm[1-2], .has been
widely used for photoelectric devices
such as liquid crystal displays (LCDs),
light emitting diodes (LEDs) and thin
film solar cells [3-5]. Now, the indium
tin oxide (ITO) thin film is still the main
TCO material [6], but the indium is a
rare and toxicity material, which will be
possibly replaced by zinc oxide (ZnO)
thin film in the future, depend on ZnO
material has wide band gap (3.2e¢V) and
higher transmittance in the visible region,
and also has lower cost, abundance, non-
toxicity. But ZnO thin film has poor
conductivity at room temperature, instead
of the Aluminum-doped ZnO (AZO)
has higher conductivity and been widely
researched recently [7]. In order to further
improve conductivity, the new materials
or film structures will be studied. It is
well known that metal films have good

conductivity, but their transmittance is

38

relatively low. It has been reported that
embedding a metal layer within dielectric
thin films could suppress the reflection
from the metal in the visible range and
achieve a selective transparent effect
[8]. From then on, there have been lot of
studies on multilayer films, especially
tri-layer films, such as AZO/Ag/AZO[9-
117 ~ AZO/Au/AZOJ[12] and AZO/Fe/
AZO[13]. Compared with the higher
conductive metal silver, copper has
only slightly higher resistivity of about
1.7x107°Qcm, but it shows better merits
when it comes to price and availability
[14-16]. The Cu metal is easy to oxidize
which includes two steps [17]:
4Cu+0=2Cu,0—-2Cu,0+0,= 4Cu0O
During the process, Copper has
two oxides, cuprous oxide (Cu,O) and
cupric oxide (CuO), both are p-type
semiconductors[18]. The CuO phase is
more stable and easily produced compared
to the Cu,0 phase. Many deposition
techniques were used to synthesis CuO
thin film, for example thermal oxidation,
hydrothermal electrodeposition, DC and
RF sputtering [19-24]. In this study, the

intermediate conductive metal Cu layer
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had been deposited on AZO seed layers,
the different density of CuO nano-wires
oxides structures were formed with
various Cu thicknesses. The photoelectric
properties of AZO/CuQO nano-wires/AZO
films had been researched in this study.

2. Experimental procedure

The designed growth of AZO/
CuO nano-wires/AZO thin films were
deposited on glass substrates by RF
magnetron sputtering, and the AZO thin
film was prepared as ZnO: Al(2wt.%)
target. The thickness of AZO seed and
capping layers were fixed at about 40
nm, and the thickness of the Cu layers
were designed as 3, 6, 9, 12 and 15
nm, 300°c substrate temperature and
3 sccm O, mixed with 10 sccm Ar had
been done during Cu layer deposition.
Before deposition, the glass substrate
was cleaned with acetone, methyl
alcohol, and DI water in an ultrasonic
cleaner. A diffusion pump coupled with
a rotary pump was used to achieve base
pressure of 5 x 10 torr. The working
pressure was maintained at 70 x 107

torr during the sputtering process. The

40

AZO and Cu targets were cleaned by
pre-sputtering with Ar plasma for 10
minutes. The distance between target and
substrate was kept at 5 cm and the RF
power was kept at SOW. The crystallinity
and crystal orientation of the thin films
were analyzed with X-ray diffraction
(XRD), the structural denseness and
thickness of the multilayer thin films
were observed by field emission scanning
electron microscopy (FESEM). The
microstructures of AZO/CuO nano-
wires/AZO thin films were examined
by HRTEM. Cross-sectioned TEM
specimens were prepared by cutting the
specimen into slices, which were then
mechanically ground and polished to
less than 10 pm, and finally ion-thinned
to an electron transparent thickness
using a Gatan precision ion polishing
system. High-resolution micrographs
were obtained using field emission
gun transmission electron microscopy
(FEG-TEM) with a point resolution of
0.23 nm operating at 200 kV. Lattice

image simulations based on the multi-

slice method were performed with

the MACTEMPAS software package
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to compare with the experimentally
obtained images. Atomic image
processing was performed using Gatan
Digital Micrograph software. HRTEM
images were compared with diffractions
using the processed image to confirm
the local orientation of the thin film. The
optical transmission was measured by
a UV-VIS-NIR spectrophotometer. The
electrical resistivity was measured by a
Hall characteristic measurement system,
and the final figure of merit (FOM) of

different thin films was calculated.

3. Results and discussion

Top-view SEM images show the
distribution of CuO nano-wires on the
surface of AZO seed layers with different
Cu thickness, the density of CuO nano-
wires obviously increase with the Cu
thickness as figure 1(a)~(d) and the
average width of CuO nano-wire is about
100 nm. Depend on the SEM results, the
schematic diagram of AZO/CuO nano-
wires/AZO layer grown procedure is
shown in figure 2, the CuO nano-wires
were leaded to deposited on the rough

seed layer surface. The XRD spectra
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of the AZO/CuO nano-wires/AZO
layers are shown in figure 3. The crystal
property was determined using a 1.54
A line of the X-ray diffractometer and
0.5° low angle scanning. The standard
(002) and (103) planes of ZnO were
verified as 20=34.419° and 62.8° by a
joint committee on powder diffraction
standards (JCPDS) card, showing
polycrystalline with the ZnO hexagonal
structure and a preferred orientation
of (002) and (103) with the c-axis
perpendicular to the substrates.

The (101) plane of CuO peak was
verified as 260=47.12, which was not easy
to be observed due to the discontinuous
structures of CuO nano-wires[25].
Another interesting observation is that
the intensity of the CuO (101) diffraction
peak increases slightly with the thickness
of Cu, which correspond with the results
of SEM. The higher density of CuO nano-
wires seem to enhance the crystalline
Zn0(002). The ZnO grain size with
various Cu thickness was evaluated by

the Scherrer (equation 1)[26]:

0.94

............. (equation 1)[26]

B A(26)xcos8
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In equation 1, b is grain size, A
(0.154 nm) is the incident wavelength
of X-ray, A(20) is the Full Width at Half
Maximum( FWHM) of the diffraction
peak and 6 is the main angle. Due to
the higher density of CuO nano-wires
structures, the grain size increased with
the thickness of Cu layer, as the grain size
of ZnO (002) increased from 10.4 nm to
12.9 nm. The Bright-field TEM images
of a CuO nano-wires were observed
as shown in figure 4(a), the insets are
SAED patterns which include CuO[101]
zone axis. The enlarged CuO nano-
wires is shown in figure 4(b), the lattice
constant of CuO nano-wire as 4.68A
was measured in this study. The average
width of CuO nano-wire is also about
100 nm from HRTEM measurement.
The transmittance spectra of AZO/CuO
nano-wires/AZO layers with different
Cu thickness are shown in figure 5, the
transmittance of layer is higher than 80%
when Cu thickness is less than 9 nm. As
a result, when Cu thickness is about 6
nm, the average transmittance over the
wavelength 400 nm~800 nm is about

84%, which is just a little lower than that
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of 3 nm Cu, but the higher conductivity
was measured. In the various applications
of transparent conductive films, both
of the optical and electrical properties
in the films are very important. Ideally,
both optical transmittance and electrical
conduction should be valued as much
as possible. However, their interrelation
usually excludes the simultaneous
achievement of maximum transmittance

and conductivity. Haacke[27]proposed a

figure of merit ®TC as
O =TYRSs oo (equation 2) [27]
Where, @_ ., T and RS are the figure

of merit (Q2-1), the average transmittance
(%) and the sheet resistance ()/square)
of the film, respectively. Equation 3 is the
calculation method of the sheet resistance
of AZO film thickness (R, ) and Cu film
thickness (R, ).
1/Rs=1/R 70 pottom™ I/Rey T 1/R s 70 10p=2/
Rasot1/Rey o (equation 3)[27]
As shown in figure 6, the electrical
properties were measured by carrier
characteristics measurement system,
which is significant decreases with

increasing Cu thickness. Depends on the

maximum figure of merit of 1.54x10” Q"
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Figure 1. Top-view SEM images of CuO nano-wires on the surface
of AZO seed layers with different Cu thicknesses as (a) 3nm (b) 6nm
(c) 9nm (d) 12nm
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Figure 2. The schematic diagram of AZO/CuO nano-wires/AZO layer grown procedure.
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Figure 3. The XRD spectra of AZO/CuO nano-wires/AZO layers with different Cu thicknesses.

Figure 4. (a) Bright-field TEM image of a CuO nano-wires. The insets are
SAED patterns (b) HRTEM image of the CuO nano-wires in [101] zone axis.
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Figure 5. The transmittance spectra of AZO/CuO nano-wires/AZO layers
with different Cu thickness

Figure 6. The resistivity and figure of merit of AZO/CuO
nano-wires /AZO layers with different Cu thickness.
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