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Cu-Mo thin films generated on ITO glasses by a rectangular pulse current technique having a
frequency of megahertz were investigated using energy dispersive X-ray spectroscopy (EDX), X-ray
diffraction (XRD), and scanning electron microscope (SEM). The concentration of Mo in the Cu-Mo
thin film measured with EDX, which periodically changed with the frequency of the rectangular pulse
current, had a maximum concentration of 9 wt%. XRD analysis revealed diffraction peaks of the Cu-
Mo thin film consistent with those of the crystallographic planes such as (111), (200), (220), (311), and
(222) planes of polycrystalline copper. SEM images of the Cu-Mo thin film showed an aggregation of
an island of which the surface appeared like a cauliflower in nano scale size. These experimental
results indicate that the Cu-Mo thin film generated in an aqueous solution that does not include the
iron-group element is an alloy composed of Cu and Mo. The oscillatory behavior of the Mo
concentration in the Cu-Mo thin film is explained by an energy level transition of electron that causes a
resonant generation of Cu and Mo.

Keywords: Cu-Mo thin film; Aqueous solution; Energy level transition; Nano cauliflower; Resonant
generation; Alloy

1. INTRODUCTION

Only when the iron-group element such as Fe, Co, and Ni is electrodeposited, Mo, W, P, and B
in an aqueous solution are co-deposited, which phenomenon is well known as the induced co-
electrodeposition [1]. Many researchers [2-8] have experimentally investigated the mechanism of the
induced co-deposition. In spite of their experimental results and interpretations, we are far from
complete understanding. For example, even the reduction process of a molybdenum ion contained in
sodium molybdate dehydrate for wide use in electrodeposition is not fully established [9-12]. In
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addition, it is very difficult to explain why a bivalent molybdate oxyanion can approach not an anode
electrode but a cathode electrode, and how it can receive six electrons to change a molybdenum atom.

Recently, in nickel electrodeposition, a resonant frequency at which the nickel deposit mass
drastically increases, and a resonant frequency spacing of 0.2 MHz between the neighboring resonant
frequencies have been reported [13]. The nickel electrodeposition was performed using a rectangular
pulse current technique having a frequency of megahertz. Several resonant frequencies were found in a
frequency range from 0.1 MHz to 2 MHz. This study suggests that if the energy to transit an electron
in the electrode at the Fermi level to the energy level of a metal ion in the solution is given by the
electric field of megahertz, the probability of the transition becomes high. Hence, Mo, W, P, and B in
the aqueous solution that does not include the iron group element can be deposited even if the transit
energy is provided to the electron at the cathode electrode. This is our motivation for the present study
in which the rectangular pulse current having a frequency of megahertz was applied.

There have been several studies on a Ni-Cu-Mo thin film that is a promising material having a
catalytic activity for hydrogen evolution [14-15]. In the formation of the Ni-Cu-Mo thin film, a nickel
ion in an aqueous solution was co-deposited. On the other hand, a Cu-Mo composite has been reported
[16-17] that the composite was obtained by electroplating in an aqueous solution. However, owing to
Ni distributed in the Cu-Mo composite and the nickel electrode used as a cathode one, whether or not
the generation of Mo was caused by the presence of Ni does not make clear.

In general, an ion that has a negative valence cannot approach the cathode surface when the
electric filed is applied between the anode and cathode electrode. The electrostatic screening [18] by
the copper ion around the bivalent molybdate oxyanion makes it possible for the bivalent molybdate
oxyanion to approach the cathode electrode.

In the present study, we demonstrate that the Cu-Mo thin film generated in an aqueous solution
that does not include the iron group element is an alloy comprising Cu and Mo.

2. EXPERIMENTAL SETUP

An ITO glass of 30 x10 mm? and carbon plate of 50x40 mm? were prepared for a cathode and
anode electrode. The two electrodes cleaned by a wet process, were placed parallel to each other in an
electrochemical cell filled with the aqueous solution including the following chemical compounds
(mol L™): CuSO, * 5H,0, 0.945; KNaC4H4Os * 4H,0, 0.65; and Na;MoO, * 2H,0, 0.5, or 0.75. The
solution was filtered using a membrane with a pore size of 0.1 um to remove copper hydroxide, and
was kept at a temperature of 300 K in electrodeposition.

The Cu-Mo thin film was formed on the ITO glass (sheet resistance 7Q2) immersed to 15 mm in
depth in the solution. As the area of the carbon electrode was about 27 times as large as the deposited
area of the ITO glass, the impedance in series of the carbon electrode in the solution can be ignored.

A function generator (NF Corporation WF1965) was used to supply the rectangular pulse
current having a frequency from 0.2 MHz to 1.3 MHz to the electrochemical cell. A metal film resistor
(KOA Corporation) of 22 Q of which the impedance is independent of a frequency below 80 MHz was
connected in series with the electrochemical cell. The rectangular pulse current carried in the
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electrochemical cell was calculated from a voltage drop across the metal film resistor measured with a
digital storage oscilloscope (Yokogawa DL1720). In Fig. 1, the typical rectangular pulse current
having an amplitude of 28 mA/cm? and a frequency of 0.8 MHz is shown, which was measured in
electrodeposition using the solution including 0.75 mol/L sodium molybdate dehydrate. The on-time of
the current was chosen to be equal to the off-time of the current.
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Figure 1. Rectangular pulse current having an amplitude of 28 mA/cm? and a frequency of 0.8 MHz.

After deposition, the Cu-Mo thin film electrodeposited on the ITO glass was rinsed with
distilled water and dried in a vacuum chamber.

The Mo concentration in the Cu-Mo thin film on the ITO glass was investigated with EDX
(Shimazu EDX-800). The crystallographic plane in the Cu-Mo thin film was determined with the
conventional XRD (Rigaku Ultima) with CuKa radiation using a standard 6-26 diffractometer with a
monochromator of carbon. The surface morphology of the Cu-Mo thin film was observed with SEM
(Hitach TM3030).

3. RESULTS AND DISCUSSION

3.1. Cu-Mo thin film electrodeposited in the solution including 0.5 mol/L sodium molybdate dehydrate

In our preliminary experiment, molybdenum electrodeposition using the solution (mentioned in
the Experimental setup) free of copper sulfate pentahydrate was performed at a frequency of 1MHz, a
temperature of 300 K, and a current density of 28 mA/cm?. The electrodeposit on the ITO glass was so
thin that no diffraction peak by XRD was obtained. The Mo concentration in the electrodeposit,
measured with EDX, was about 0.7 wt%. Molybdenum electrodeposition using an aqueous solution
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including a very high concentration of acetate above 10 mol/L and a DC technique having a high
current density above 100 mA/cm? was recently demonstrated [21-22]. The XPS data showed that the
electrodeposit was composed of rich metal Mo and Mo oxides. These results suggest that it is difficult
for an electron in the electrode at the Fermi level to transfer the energy level of a Mo ion in the
solution. In our experiment, the solution including a copper ion was chosen because the copper ion
helps the bivalent molybdate oxyanionact to approach the cathode electrode by the electrostatic
screening, and has a possibility that the copper ion assists an electron to transfer to a Mo ion if the
quantized rotational energy level of the copper ion is near that of the Mo ion.

Figure 2 shows the Mo concentration in the Cu-Mo thin film electrodeposited at a temperature
of 300 K. The Mo concentration electrodeposited at an amplitude of 11 mA/cm? is higher than that at
an amplitude of 28 mA/cm?. The larger amplitude of the rectangular pulse current gives rise to the
larger potential drop at the electric double layer located adjacent to the ITO glass. Hence, the hydrogen

evolution at the cathode electrode becomes more enhanced and the Mo concentration in the Cu-Mo
thin film lessens.
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Figure 2. Frequency-dependence of the Mo concentration in the Cu-Mo thin film electrodeposited in
the solution including 0.5 mol/L sodium molybdate dehydrate.

The Mo concentration periodically changes with the frequency. As we reported [13] in Ni
electrodeposition, the deposition mass of Ni periodically changed with the frequency. The deposition
behavior seems to obey the energy level transition between an electron at the Fermi energy level in an
electrode and a nickel ion characterized by a quantized rotational energy level. If the deposition masses
of Cu and Mo change with the frequency as well as the deposition mass of Ni, the Mo concentration in
the Co-Mo thin film may periodically change with the frequency. In fact, the Mo concentration at an
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amplitude of 11 mA/cm? in Fig. 2 has a periodicity of about 0.2 MHz, which is the same resonant
frequency spacing in Ni electrodeposition. On the other hand, the Mo concentration in the Cu-Mo thin
film electrodeposited at an amplitude of 28 mA/cm? appears to have a periodicity of about 0.6 MHz.
The Mo concentration in the Cu-Mo thin film has a maximum one of 9 wt% at a frequency of 0.5
MHz.
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Figure 3. XRD charts of the Cu—Mo films electrodeposited in the solution including 0.5 mol/L sodium
molybdate dehydrate at (a) an amplitude of 11 mA/cm? and a frequency of 0.5 MHz, and (b) at
an amplitude of 28 mA/cm? and a frequency of 1 MHz. The Co-Mo thin films of (a) and (b)
had 9 um and 22 pum in thickness.

Figure 3 shows XRD charts for two kinds of the Cu-Mo thin films electrodeposited (a) at an
amplitude of 11 mA/cm? and a frequency of 0.5 MHz, and (b) at an amplitude of 28 mA/cm? and a
frequency of 1 MHz. The diffraction peaks observed in Figs. 3 (a) and (b) are indexed as the (111),
(200), (220), and (311) crystallographic planes that are well consistent with those of polycrystalline
copper. The two XRD charts indicate that these crystallographic planes in the Cu-Mo thin film exist
parallel to the ITO glass. As seen in Fig. 3, no other diffraction peaks that arise from chemical
compounds are observed. In combination with the Mo concentration by EDX in Fig. 2, the XRD
analysis concludes that the Co-Mo thin film is an alloy comprising Cu and Mo. Each diffraction peak
in Fig. 3 is broad in width, which suggests that the Cu-Mo film is composed of small grains.

Molybdenum electrodeposition has been performed using a solution including not a copper ion
but a zinc ion [5, 23-26]. According to their studies, the crystallographic structure of the electrodeposit
was unknown owing to the lack of the XRD data, however, the Mo concentration in the electrodeposit
determined with energy dispersive X-ray spectroscopy method and X-ray photoelectron spectroscopy
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had a maximum value of about 70 wt%. These results also show that Mo can electrodeposit using an
aqueous solution free of the iron-group element as well as those in our study.

Figure 4 shows SEM images of the Cu-Mo films electrodeposited in the solution including 0.5
mol/L sodium molybdate dehydrate (a) at an amplitude of 11 mA/cm?and a frequency of 0.5 MHz,
and (b) at an amplitude of 28 mA/cm?® and a frequency of 1 MHz. The Cu-Mo thin film in Fig. 4
consists of the island of which the surface appears an aggregation of small grains. The island has a size
more than 4 um. The small grain shown in the island is called a nano cauliflower [19-20] that is
expected to have the surface roughness at a nanometer level for use in surface wetting. We estimate the
grain size d following the Scherrer equation [27],

d=F1_ (1)

Brosdg’
where K is the shape factor, A is the X-ray wavelength, and the line broadening  of a Bragg
diffraction angle 6g. Eq. (1) yields the average size of the grain if the strain in the Co-Mo thin film is
ignored. The value of B is determined by the Integral Breadth using a Gaussian function [28] fitted to
the (111) diffraction peaks in Fig. 3. Substituting the value of § and K=1 into Eq. (1), we have 12 nm
and 14 nm for the mean grain size in Figs. 4 (a) and (b).

Figure 4. SEM images of the Cu-Mo films electrodeposited in the solution including 0.5 mol/L
sodium molybdate dehydrate at (a) an amplitude of 11 mA/cm?and a frequency of 0.5 MHz,
and (b) at an amplitude of 28 mA/cm? and a frequency of 1 MHz. The Cu-Mo thin films had 3
um in thickness.

3.2 Cu-Mo thin film electrodeposited in the solution including 0.75 mol/L sodium molybdate dehydrate

Figure 5 shows a frequency-dependence of the Mo concentration in the Cu-Mo thin film. As
well as the Mo concentration in Fig. 2, the Mo concentration electrodeposited at an amplitude of 11
mA/cm? is much larger than that at an amplitude of 28 mA/cm?. In spite of the higher Mo
concentration in the solution, the maximum Mo concentration in the Cu-Mo thin film is 5.6 wt%,
which value is lower than that in Fig. 2. An increase in the concentration of sodium molybdate
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dehydrate does not necessarily increase the Mo concentration in the Cu-Mo thin film. In Ni-Mo
electrodeposition, other studies [28-29] have reported similar experimental results. The
electrodeposition of Mo in the aqueous solution that does not include the iron group element is here
also verified.
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Figure 5. Frequency-dependence of the Mo concentration in the Cu-Mo thin film electrodeposited in
the solution including 0.75 mol/L sodium molybdate dehydrate.
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Figure 6. XRD charts of the Cu—Mo films electrodeposited in the solution including 0.75 mol/L
sodium molybdate dehydrate (a) at an amplitude of 11 mA/cm? and a frequency of 0.5 MHz,
and (b) at an amplitude of 28 mA/cm? and a frequency of 1 MHz. The Co-Mo thin films of (a)
and (b) had 19 um and 30 um in thickness.
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The Mo concentration periodically changes with the frequency. The resonant frequency may be
theoretically determined from the energy level transfer of electron between an electron at the Fermi
energy level in the ITO glass and a copper ion or molybdenum ion characterized by the quantized
rotational energy level if the quantized rotational energy level is known. In Fig. 5, the Mo
concentration that periodically changes with the frequency suggests the presence of the resonant
frequency in copper and molybdenum electrodeposition.

Figure 7. SEM images of the Cu-Mo films electrodeposited in the solution including 0.75 mol/L
sodium molybdate dehydrate (a) at an amplitude of 11 mA/cm? and a frequency of 0.5 MHz,
and (b) at an amplitude of 28 mA/cm? and a frequency of 1 MHz.

Figure 8. SEM image of the Cu-Mo films electrodeposited in the solution including 0.75 mol/L
sodium molybdate dehydrate at an amplitude of 11 mA/cm? and a frequency of 1 MHz.

Figure 6 shows XRD charts for two kinds of the Cu-Mo thin films electrodeposited (a) at an
amplitude of 11 mA/cm? and a frequency of 0.5 MHz, and (b) at an amplitude of 28 mA/cm? and a
frequency of 1 MHz. The diffraction peaks observed in Figs. 6 (a) and (b) are indexed as the (111),
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(200), (220), (311) and (222) crystallographic planes, which are well consistent with those of
polycrystalline copper. The (222) diffraction peak obviously emerges in only Fig. 6 (b). This is
because the Cu-Mo thin film in Fig. 6 (b) is much thicker than other Cu-Mo thin films prepared for
XRD. The observed diffraction peaks are caused not by other chemical compounds but by copper. The
five crystallographic planes in the Cu-Mo thin film exist parallel to the ITO glass. All the diffraction
peaks are broad in width, which indicates that the Cu-Mo film is composed of small grains as well as
that electrodeposited in the solution including 0.5 mol/L sodium molybdate dehydrate. Taking into
consideration the Mo concentration by EDX in Fig. 5 and the XRD chart in Fig. 6, we here also have
the same conclusion that the Co-Mo thin film is an alloy comprising Cu and Mo.

Figure 7 shows SEM images of the Cu-Mo films electrodeposited in the solution including 0.75
mol/L sodium molybdate dehydrate at (a) an amplitude of 11 mA/cm?and a frequency of 0.5 MHz,
and (b) at an amplitude of 28 mA/cm? and a frequency of 1 MHz. The Cu-Mo thin film is composed of
the island of which the surface appears a nano cauliflower as well as that in Fig. 4. The formation
process of the island more than 4 um in size does not make clear. As shown in Fig. 8, a SEM image of
the Cu-Mo thin film at an amplitude of 11 mA/cm?and a frequency of 1 MHz reveals that the islands
different in size and a lot of small particles coexist. Several small particles on the surface seem to
aggregate into a chain that may develop an island. In the same way as the estimation of the small grain
size in Fig. 3, we obtain 12 nm and 25 nm for Figs. 6 (a) and (b) as the mean grain size. As the film
thickness of the Cu-Mo thin film in Fig. 6 (b) is thicker than that in Fig. 6 (a), grain growth may cause
an increase in the size of the grain in electrodeposition.

In a further study, we will report a Cu-W thin film generated using the rectangular pulse current
having a frequency of megahertz.

4. CONCLUSIONS

The Cu-Mo thin films generated on the ITO glass by the rectangular pulse current technique
were shown to be the alloy comprising Cu and Mo using EDX and XRD. The Mo electrodeposition on
the ITO glass was demonstrated using the solution that does not include the iron group element. The
maximum Mo concentration in the Cu-Mo thin film was about 9 wt%. The Mo concentration
periodically changed with the frequency is explained by the energy level transition of electron. The
SEM images of the surface morphology in the Cu-Mo thin film showed the appearance like the nano-
cauliflower.
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