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Abstract In this study, the effect of oxygen content on a
thin copper oxide layer deposited on BK7 and steel sub-
strates by DC magnetron sputtering were investigated.
Argon as working gas with impurity of 99.9% and various
oxygen ratios were used to sputter a pure Cu cathode target
in a cylindrical geometry. The produced samples were
analyzed by X-ray diffraction (XRD), energy-dispersive
X-ray (EDX), atomic force microscopy (AFM), and spec-
trophotometry techniques. The films thickness was mea-
sured by profilometer facility. The results show that by
increasing oxygen content in the working gas the sputtering
rate reduces. Moreover, the type of oxide phase (Cu,O or
CuO) in the synthesized layer and consequently its optical
properties dramatically depend on Ar/O, ratio in the
working gas.

Keywords Copper oxide - Thin films - Magnetron
sputtering - Optical properties

Introduction

Copper oxide as a thin film is an attractive material for
various applications such as semiconductors, sensors, smart
windows and photovoltaic devices [1-3]. Low-cost pro-
duction abundant availability and nontoxic nature are some
attractive features of this material. Thus, investigation of
copper oxide films has both scientific and technological
significance. It is important to know that the preparation
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technique can define the electrical and optical properties of
the films [4]. Various methods such as evaporation [5-7],
chemical vapor deposition [8], sputtering [9-13], thermal
oxidation [14], sol-gel process [15], were used to produce
the copper oxide film. The advantages of sputtering method
are its flexibility, scalability, complexity of possible films,
reproducibility, ability to work at low temperature, capa-
bility to deposit precisely controlled hetero structures, and
simplicity of controlling the film composition, structure
and morphology. The DC magnetron sputtering technique
in the reactive mode is one of the ways to synthesize
copper oxide thin films due to the excellent uniformity and
controllability.

In this paper, the role of oxygen content added to the
argon as working gas (WG) on the structural, composi-
tional and optical properties of copper oxide film during
magnetron sputtering process are reported. The use of a
premixed WG (Ar + O,), cylindrical geometry of the
magnetron sputtering system, simultaneous applying of
two substrates (i.e., steel and transparent Bk7 glass), and
investigation of morphology and thickness alongside other
properties of the deposited films are some of the new
features of the current research.

Experimental details

The polished AISI316 stainless steel and transparent Bk7
substrates (1 x 1 cm?) were cleaned with acetone, ethyl
alcohol, and de-ionized water in an ultrasonic bath, for
10 min each. DC magnetron sputtering system is
schematically shown in Fig. 1. In this geometry, cathode
(inner one, made from copper with impurity ~ 99.99%
and 3 cm diameter), and anode (outer one, made from
aluminum) are two cylinders.
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Fig. 1 The schematic view of the cylindrical magnetron sputtering
system including electric and magnetic field directions (E and B)

WG in the deposition chamber was pure Ar (99.99%) or
premixed Ar 4+ O, with 5, 10, and 20% oxygen. Films
were deposited under a fixed condition are presented in
Table 1.

The sputtering process for BK7 and steel substrates were
simultaneously performed for each sputtering regime.
Transparent substrate (BK7) was used to obtain optical
properties (i.e. transmission). The films thickness was
measured after deposition process with a Surface Profile
Meter, Bruker Dektak XT profilometer. To measure the
standard error, the thickness of the deposited layer obtained
at seven different points of the samples. The structure of
the films were characterized by X-ray diffraction using a
STOE model STADI MP diffractometer which uses Cu ko
(4 = 0.154 nm) radiation. The surface morphologies were
observed by Atomic Force Microscopy, Park Scientific
Instrument, Auto probe CP. The optical transmission and
reflection measurements in the range of 175-2500 nm were
performed using a UV-Vis—NIR Spectrophotometer, Var-
ian, Cary 500. Energy-dispersive X-ray (EDX) spec-
troscopy was carried out with AMETEK EDAX analyzer.

Results and discussion
Film thickness
The thickness of deposited layer and its evolution by

increasing the oxygen content in the WG is shown Fig. 2.
In the case of using Ar and Ar + 5% O, no remarkable

Table 1 The condition of sputtering process

800 —
700 — =3 ‘
600 — | ‘.
500 -
400 —

300 %

200 °

Thickness (nm)

100 ‘

0 T : T v T v T T T
0 5 10 15 20

Oxygen addition to working gas (%)

Fig. 2 Thickness versus oxygen content of WG in the sputtering
process

difference is observed. Since the deposition time for all
samples was constant, it can be concluded that 5% oxygen
in the WG does not significantly change the sputtering
yield and consequently the deposition rate. But there is a
significant decrease (by a factor of two) in the thickness of
sputtered layer for WGs with higher oxygen content (10
and 20%). This reduction of thickness at higher oxygen
content reflects the less efficiency of sputtering by oxygen
plasma when compared with Ar plasma. It may also be
possible that more oxygen in the WG causes the oxidation
of the Cu target and oxidized target has lower sputtering
rate.

XRD and EDX results

Figure 3 shows the XRD patterns of the samples before and
after film deposition on steel substrates. The three peaks of
the y-Fe for the nickel-chrome steel is seen. When Ar is
used as the WG of the sputtering process, the diffraction
peaks at 20 = 43.50° and 26 = 50.90° enhance. Since the
diffraction peaks of Cu(111) and Cu(200) are at the same
position of y-Fe, this increase in the intensity is the evi-
dence of the crystalline copper layer without any oxide
phase. The injection of 5% of oxygen in the WG leads to
appearance of a small new peak at 20 = 37.06°. According
to PDF card #34-1354, this peak is related to the cubic
phase of Cu,0 (111). As seen in Fig. 3, this oxide phase at
higher oxygen content is converted to the enriched oxide
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Fig. 3 XRD patterns of

samples on steel substrate
before and after deposition at
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phase as CuO. Using Ar + 10% O, as WG, at 20 = 35.38°
and according to PDF card #45-937, CuO (002) has been
formed. Using Ar 4+ 20% O, as WG, the same peak exists.
According to the results of the thickness measurements, the
decrease in the intensity of the CuO peaks at Ar + 20% O,
is connected to the oxidation of the Cu target or reduction
of the sputtering rate and amount of the deposited layer.
For investigating the effect of substrate on phase com-
position of deposited layer, the XRD pattern of sample with
BK7 substrate and Ar + 5% O, as WG is demonstrated in
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Fig. 4 XRD patterns of deposited layer on BK7 substrate for 5%
oxygen content in WG
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Fig. 4. The hump for 20 < 35° is related to the amorphous
state of the substrate. Similar to steel substrate this result
confirms the formation of Cu,O and Cu phases.

To obtain the atomic concentration of surface, the EDX
analysis was performed. Table 1, shows the EDX results of
two samples in a condition with 5 and 20% oxygen in the
WG. According to Table 2, adding oxygen to WG, the
deposited layer is saturated by oxygen. In the 20% case,
this saturation is significant to expect the formation of a
single phase of enriched oxygen (i.e. CuO). This result is in
agreement with XRD study.

Therefore, the controlling the phase composition in the
deposited layer is possible by controlling the amount of O,
in the WG of the sputtering process.

AFM results

Figure 5 shows the AFM images of samples with or
without oxygen in the WG of the sputtering process. The
substrate for all images was steel. Figure 5.a represents the
AFM result of the sputtered film when pure argon gas is
utilized for plasma generation. Figure 5.a shows that multi-
level configurations (submicron structures with ~ 0.1 um
in size consist of spherical nano-scale structures
with ~ 10-20 nm in radius) are observed on the surface.
Adding 5% oxygen gas in the WG of the sputtering process
the structure of the resulted films significantly changes as
seen in Fig. 5b. The first level (smaller nano-sized

@ Springer
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Table 2 EDX analysis of the

Concentration (at. %) with 5% O, in WG

Concentration (at. %) with 20% O, in WG

films with various oxygen Element
contents in the WG Cu s
o 10.9

20.3
48.6

Fig. 5 The AFM images of sputtered film using different sputtering gas content a Ar gas, b Ar + 5% O,, ¢ Ar + 10% O,, d Ar + 20% O,

structures) disappears and the single enlarged grains are
formed. Moreover, these grains become smaller at higher
oxygen ratios (see Fig. 5b—d).

Although it is a difficult task to find a relationship
between structures of the surface and amount of O, in the
WG, but it can be connected to the creation of the new
compositional phase (Cu, Cu,O or CuO). Comparing
Fig. 5b with ¢ and d, it can be suggested that the decrease
in the grain size at higher oxygen ratios (10 and 20%) may

* @ Springer

be related to the smaller crystallites of CuO phase to Cu,O
phase.

Therefore, the presence of O, and its amount in the WG
of the sputtering process not only change the composition
of the sputtered film but also change the structure and
morphology of the film.
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Optical properties

Figure 6a and b shows the optical transmission of the
samples (with BK7 substrates) at wavelengths in the range
of 200-2500 nm which were prepared under various O,
content. Sputtered thin films without oxygen or with 5% O,
in the WG have a very low transmission (Fig. 6a.
According to the XRD analysis, this is due to the presence
of non-transparent Cu and Cu,O in the prepared films.
With the increase in the amount of O, in the WG, the
transmission deposited films dramatically increase
(Fig. 6b. To explain the optical behavior for the thin films
sputtered with 10 and 20% oxygen in the WG, the optical
band gap energies (E,) were calculated. A substantial drop
in Fig. 6 near the absorption edge is related to the excita-
tion of charge carriers over the optical band gap [11, 16].

The following formula shows that how incident photon
energy is related to absorption coefficient («) [16]

ahv = A (hv — E,)",

in this relation # is Planck’s constant, v is the frequency of
light, A is the edge width parameter, and value of n depends

T | T ‘ T [ T ‘ T [ T | T | T | 1

| T
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on the type of transition [16]. Here the value of n is 0.5 due
to the direct allowed transition. By plotting (ohv)"" ver-
sus(hv) a straight line is acquired and then optical band gap
can be determined by extrapolation of the linear portion of
the plots of (ochv)l/ " versus (hv) to o = 0. The transmittance
(7), reflectance (R) and thickness of the film (d) provide o

by [17]:

A
OC——EXI'I(I_—R)2

Figure 7 shows the (ahv)® versus hv for the copper
sputtered in the WG containing 10 and 20% oxygen. The
optical band gap of 2.10 and 2.26 eV obtained, respec-
tively. The results indicate that by enhancing the oxygen
content in the WG, the optical band gap increases. The
higher band gap energy for deposited layer with 20%
oxygen in WG is due to the greater transmittance of visible
light as compared to the case of 10%. In contrast to this, for
5 and 0% oxygen in the WG, since metallic Cu is dominant
in these samples the explained method cannot be used to
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Fig. 7 Tauc plot [18] of samples for 10 and 20% oxygen content of
WG in the sputtering process

determine the optical band gap because metal does not
have band gap structure.

Conclusions

Copper oxides (Cu,O and CuO) thin layers were produced
by dc magnetron sputtering technique in a mixture of Ar
and O, gases and various oxygen contents. The increase in
the amount of oxygen in the WG led to the decrease of the
deposition rate and formation of the oxide phases from
Cu,0 to CuO. The results showed that by increasing the
amount of oxygen in the WG, the optical band gap
enhanced. The optical band gap energies of 2.10 and
2.26 eV obtained for 10 and 20% oxygen in the WG.
Therefore, it can be concluded that by adjusting the amount
of oxygen in the WG of the sputtering process the phase
composition, optical behavior, and structure of the copper
thin films can be controlled.
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