Int. J. Electrochem. Sci., 12 (2017) 4714 — 4723, doi: 10.20964/2017.06.78

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Cu-W Thin Film Electrodeposited in an Aqueous Solution

M. Saitou

University of the Ryukyus, Department of Mechanical Systems Engineering, 1 Senbaru Nishihara-cho
Okinawa, 903-0213, Japan.
E-mail: saitou@tec.u-ryukyu.ac.jp

Received: 21 March 2017 / Accepted: 23 April 2017 / Published: 12 May 2017

Cu-W thin films were electrodeposited on indium tin oxide (ITO) glass substrates in an aqueous
solution using a rectangular pulse current technique in a range of frequency from 0.2 MHz to 1 MHz.
The W concentration in the Cu-W thin film measured with energy dispersive X-ray spectroscopy
(EDX) was dependent on an amplitude and frequency of the rectangular pulse current. The maximum
W concentration in the Cu-W thin film was 9 wt. %. X-ray diffraction (XRD) revealed that the Cu-W
thin film had crystallographic planes parallel to the ITO glass substrate such as (111), (200), (220), and
(311) planes. Surface images of the Cu-W thin film observed with scanning electron microscope
(SEM) showed an aggregation of an island called a nano cauliflower. These experimental results
indicate that the Cu-W thin film was an alloy comprising copper and tungsten, and that tungsten was
electrodeposited in the aqueous solution free of the iron-group element.
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1. INTRODUCTION

Electrodeposition of tungsten in an aqueous solution is well known to require co-deposition of
the iron-group element such as Fe, Co, and Ni, which is called the induced co-deposition [1]. Many
mechanisms have been proposed to explain the induced co-deposition [2-3]. However, we are far from
complete understanding. For example, a negative sodium tungstate dehydrate that is usually used is
needed to approach an electrical double layer to receive an electron from a cathode electrode
regardless of a homogeneous or heterogeneous reaction [4]. The proposed scenarios cannot explain
why the negative sodium tungstate dehydrate approaches the cathode electrode against the applied
potential, and the electron transfers the negative sodium tungstate dehydrate against the repulsive
coulomb interaction.
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On the other hand, electrodeposition of tungsten in a molten salt [5-6] has attracted researchers
because of its easy preparation, stability, and non-volatility except for the high deposition temperature.
The pure tungsten was reported to be electrodeposited on a substrate.

With respect to the induced co-deposition with the iron group element in the aqueous solution,
there have been many studies on Ni-W thin films [7-11] and Co-W thin films [12-15]. In the Ni-W
electrodeposition, a citrate compound was employed as a complexing agent. The effects of
electrochemical parameters such as an additive, PH, temperature, current density, and deposition
technique on the concentration of W in the deposited film were widely investigated to increase the
concentration of W. As a result, the maximum W concentration was reported to be 58.4 wt. % [7]. In
the Co-W electrodeposition, several kinds of complexing agents and levelling agents were used to
increase the W concentration and to obtain smooth surfaces. The maximum content of W in the Co-W
thin film was 53 wt. % [13].

The co-deposition of Cu and W in the aqueous citrate solution free of the iron group element
[16] has recently been reported. The maximum W concentration was 26 wt. %. This was the first study
on the W deposition with the non-iron group element.

We also reported the co-deposition of Cu and Mo from a viewpoint of energy transfer transition
[17]. If an applied electric field provides the energy to transit an electron in the electrode at the Fermi
level to the energy level of a metal ion in the aqueous solution, the electron will transfer the quantized
rotational energy level of the ion. In fact, a resonant frequency at which a deposit mass drastically
increases, and a resonant frequency spacing between the neighboring resonant frequencies were found
[18]. A rectangular pulse current having a frequency of megahertz was applied to provide the energy
by which the electron can transfer. This is our motivation for the present study in which the rectangular
pulse current having a frequency of megahertz will make it possible to generate the deposition of W in
the aqueous solution.

The present study aims at demonstrating that the Cu-W thin film generated in the aqueous
solution that does not include the iron group element is an alloy comprising Cu and W.

2. EXPERIMENTAL SETUP

The aqueous solution including chemical compounds (mol L™?): CuSO, = 5H,0, 0.945;
KNaC4H4O0¢ - 4H,0, 0.65; and Na,WOQO, - 2H,0, 0.5, or 0.75, was prepared. The aqueous solution was
strained with a membrane (pore size 0.1 um) to remove copper hydroxide in the aqueous solution.

The ITO glass (sheet resistance 7Q2) of 15 x10 mm? and a carbon plate of 50x40 mm? were
prepared for a cathode and an anode electrode. The two electrodes were set parallel to each other in an
electrochemical cell filled with the aqueous solution.

Electrodeposition was performed using the rectangular pulse current having a frequency from
0.2 MHz to 1.0 MHz, which was provided with a function generator (NF Corporation WF1965). A
metal film resistor was connected in series with the electrochemical cell so as to calculate the current
density flowing in the electrochemical cell. The impedance of the metal film is stable irrespective of
the frequency below 80 MHz. Figure 1 shows the typical rectangular pulse current having an
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amplitude of 13 mA/cm? and a frequency of 0.5 MHz in the aqueous solution including 0.75 mol/L
sodium tungstate dehydrate. The on-time of the rectangular pulse current was chosen to be equal to the
off-time of the rectangular pulse current.
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Figure 1. Rectangular pulse current having an amplitude of 13 mA/cm? and a frequency of 0.5 MHz in
the solution including 0.75 mol/L sodium tungstate dehydrate.

All the Cu-W films were electrodeposited at a temperature of 300 K. The concentration of W
contained in the Cu-W thin film formed on the ITO glass was measured with EDX (Shimazu EDX-
800). XRD with CuKa. radiation (Rigaku Ultima) determined a crystallographic structure of the Cu-
Mo-Al thin film. The surface of the Cu-W thin film was observed with SEM (Hitachi TM3030).

3. RESULTS AND DISCUSSION

The W concentration in the Cu-W thin film dependent on an amplitude of the rectangular pulse
current can be derived using the Butler-Volmer equation [19-20]. The impedance of the electric double
layer at the anode electrode, and the impedance of the solution between the two electrodes can be
ignored because the concentrations of the three chemical compounds are very high and the area of the
anode electrode is 27 times larger than that of the cathode. Hence, we consider only the electric
potential applied to the cathode potential. Using the Butler-Volmer equation that does not include the
effect of the resonant electrodeposition [17-18], the concentration of W in the Cu-W thin film, Py has
the form,
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Here, ji is the current density due to the crystallization of ion i, jo is the exchange current
density, o; is the transfer coefficient, m; is the ionic charge, F is the Faraday’s constant, T is the
absolute temperature, R is the gas constant, E is the potential applied to the electric double layer at the
cathode, and E; is the equilibrium potential at the cathode. When the amplitude of the total current
density flowing in the electrochemical cell is set to i,, the derivative of Eq. (1) with respect to i,

becomes,
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where Z is the impedance of the electric double layer at the cathode. The value of the transfer
coefficient is between 0 and 1 [21]. The apparent transfer coefficient has a value beyond 1 [22]. The
transfer coefficient will be dependent on the frequency f of the rectangular pulse current and the ion
concentration c; in the solution, but the details are unknown. Eqg. (4) concludes,

(1) when 3aw (f,cw) = ar.(f, c), the W concentration in the Cu-W thin film increases with
the total current density,

(2) when 3ay, (f, cw) < ac,(f, €~.), the W concentration in the Cu-W thin film decreases with
the total current density.

The extended Butler-VVolmer equation for the multistep reaction [22] is known and the transfer
coefficient also has an extended form, however, for simplicity, we assume the single step reaction for
Cu?* and W*® and the reaction time much faster than a microsecond. In addition, if electrodeposition
occurs resonantly, the electrodeposited masses of Cu and W rapidly increase at the resonant frequency
[18]. Hence, the W concentration in the Cu-W film is expected to behave complicatedly. In fact, both
cases (1) and (2) will appear in the next chapter.

3.1 Cu-W thin film electrodeposited in the 0.5 mol/L sodium tungstate dehydrate solution

Figure 2 shows the W concentration in the Cu-W thin film. The deposition of W indicates that
the reaction times of several electrochemical reactions proposed in [2-3] should be much faster than a
microsecond. In addition, whether or not the electron transfer reaction is homogeneous or
heterogeneous [4], the proposed model should provide two understood interpretations, one is why the
minus ions can exist in the electric double layer under the electric potential, the other is why the minus
ion can receive the electron.

As shown in Fig. 2, the W concentration changes with the frequency. We have reported that a
change in the Mo concentration in the Cu-Mo thin film with frequency might correspond to a change
in the mass deposited at the resonant frequency [17]. If the deposition occurs resonantly in the
frequency range from 0.2 to 1 MHz, the deposition masses of Cu and W periodically change with the
frequency as shown in the Ni electrodeposition [18]. In the framework of the energy level transition,
electrodeposition is interpreted to obey the energy level between an electron at the Fermi energy level
in the electrode and an ion characterized by the quantized rotational energy level. Several resonant
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frequencies at which the mass of Cu or W remarkably increases may exist. Hence, the W concentration
in the Cu-Mo thin film changes with the frequency.
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Figure 2. Frequency-dependence of the W concentration of the Cu-W thin film electrodeposited in the
solution including 0.5 mol/L sodium tungstate dehydrate.
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Figure 3. XRD charts of the Cu-W films electrodeposited in the solution including 0.5 mol/L sodium
tungstate dehydrate at (a) an amplitude of 7 mA/cm? and a frequency of 0.8 MHz, and (b) at an
amplitude of 25 mA/cm* and a frequency of 0.2 MHz. The Cu-W thin films of (a) and (b) had
4.7 um and 4.9 um in thickness.



Int. J. Electrochem. Sci., Vol. 12, 2017 4719

The W concentration in the Cu-W thin film at the lower frequency increases with the current
density. However, at the higher frequency, it does not always prove right. Following Eqg. (4), this
indicates that the W concentration is remarkably affected by the frequency owing to a small difference
between 3aw and ocy. The maximum W concentration in the Cu-W thin film was 6 wt. %.

Figure 3 shows XRD charts for two kinds of the Cu-W thin films that indicate a maximum W
concentration at a current density of 7 and 25 mA/cm?®. The diffraction peaks indexed as the (111),
(200), (220), and (311) crystallographic planes are well consistent with those of polycrystalline copper
[23]. These diffraction peaks also indicate that the crystallographic planes parallel to the ITO glass
exist in the Cu-W thin film. As no other diffraction peaks are observed, the Cu-Mo thin film is
concluded to be an alloy of Cu and W. Each diffraction peak in Fig. 3 is broad in width. Using the
well-known Scherrer equation and [111] diffraction peak, the mean grain sizes of the Cu-W thin film
in Figs. 3 (a) and (b) yield the same size as 13 nm.
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Figure 4. SEM images of the Cu-W films electrodeposited in the solution including 0.5 mol/L sodium
tungstate dehydrate at (a) an amplitude of 7 mA/cm? and a frequency of 0.8 MHz, (b) at an
amplitude of 13 mA/cm? and a frequency of 0.3 MHz, and (c) an amplitude of 25 mA/cm?and
a frequency of 0.2 MHz. The Cu-W thin films had 2.4 um in thickness.

Figure 4 shows SEM images of the Cu-W thin film. The Cu-W thin film consists of an island
that has about 4 um in size. The island comprises grains of 13 nm in size. The island is called a nano
cauliflower [24] consisting of nanometer grains. The surface morphology is consistent with that
observed in the Cu-Mo [17, 25].



Int. J. Electrochem. Sci., Vol. 12, 2017 4720

3.2 Cu-W thin film electrodeposited in the 0.75 mol/L sodium tungstate dehydrate
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Figure 5. Frequency-dependence of the W concentration of the Cu-W thin film electrodeposited in the
solution including 0.75 mol/L sodium tungstate dehydrate.

Figure 5 shows the dependence of the W concentration in the Cu-W thin film on the frequency.
The W concentration periodically changes with the frequency as well as that in Fig. 2. The maximum
W concentration is 9 wt. %, which is larger than 6 wt. % in Fig. 2. An increase in the concentration of
sodium tungstate dehydrate simply causes the increase in the W concentration in the Cu-W film [26].

The W concentration dependent on the current density complicatedly behaves. The W
concentration of the Cu-W thin film electrodeposited at 25 mA/cm? is smaller than that at 7 and 13
mA/cm? [27]. An increase in the current density lessens the W concentration in contrast with the
dependence of the W concentration on the current density in Fig. 2. As the frequency increases, the W
concentration in the Cu-W thin film electrodeposited at 7 mA/cm? is smaller or larger than that at 13
mA/cm?® At the frequency beyond 0.7 MHz, the W concentrations in the Cu-W thin film
electrodeposited at 7 mA/cm? are smaller than that at 13 mA/cm?.

As stated the paragraph in Eq. (4), the transfer coefficient seems to change complicatedly. In
addition, if several resonant frequencies at which the mass of Cu or W remarkably increases exist, the
frequency dependence of the W concentration appears. As shown in Fig. 5, the W concentration in the
Cu-W thin film changes with the frequency.
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Figure 6. XRD charts of the Cu-W films electrodeposited in the solution including 0.75 mol/L sodium
tungstate dehydrate (a) at an amplitude of 7 mA/cm? and a frequency of 0.3 MHz, and (b) at an
amplitude of 25 mA/cm? and a frequency of 1 MHz. The Cu-W thin films of (a) and (b) had 4.6
um and 4.3 um in thickness.

Figure 6 shows XRD charts for two kinds of the Cu-W thin films that have a minimum W
concentration at a current density of 7 mA/cm? and a maximum W concentration at a current density of
25 m A/cm?. The diffraction peaks indexed as the (111), (200), (220), and (311) crystallographic
planes are well consistent with those of polycrystalline copper [23] as well as those in Fig. 3. These
diffraction peaks also indicate that the crystallographic planes parallel to the ITO glass exist in the Cu-
W thin film. As no other diffraction peaks are observed, the Cu-Mo thin film is an alloy comprising Cu
and W. Each diffraction peak in Fig. 6 is also broad in width. Using the Scherrer equation and [111]
diffraction profile, the mean grain sizes of the Cu-W thin film in Figs. 6 (a) and (b) yield 12 nm and 21
nm. The mean grain size decreases with the W concentration. In other experiments reported previously
[15, 28], the island diameter observed with SEM was an order of magnitude larger than the grain size
calculated using the Scherrer equation, However, there was no explanation about the difference. The

higher W concentration changes a poly-crystalline Cu-W thin film into an amorphous Cu-W thin film
[24].
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Figure 7. SEM images of the Cu-W films electrodeposited in the solution including 0.75 mol/L
sodium tungstate dehydrate (a) at an amplitude of 7 mA/cm? and a frequency of 0.3 MHz, (b) at
an amplitude of 13 mA/cm? and a frequency of 0.3 MHz, and (c) at an amplitude of 25 mA/cm?
and a frequency of 1 MHz.

Figure 7 shows SEM images of the Cu-W films electrodeposited in the solution including 0.75
mol/L sodium tungstate dehydrate at (a) an amplitude of 0.7 mA/cm?and a frequency of 0.3 MHz, (b)
an amplitude of 13 mA/cm? and a frequency of 1 MHz, and (c) an amplitude of 25 mA/cm? and a
frequency of 1 MHz. All the Cu-W thin films comprise the island of which the surface appears the
nano cauliflower as well as that in Fig. 4.

The size of the grain was reported to decrease with the W concentration [29]. The grain size in
the Ni-W film including 13 wt. % became 63 nm. In light of the system different from that in our
study, the value is approximately consistent with the grain size in this study.

4. CONCLUSIONS

The Cu-W thin film electrodeposited on the ITO glass substrate was found to be the alloy
comprising Cu and W. The co-deposition of W and Cu was demonstrated using the solution that did
not contain the iron group element. The maximum concentration of W in the Cu-W thin film became
about 9 wt. %. The W concentration that changed with the frequency is explained by the energy level
transition of electron. The SEM images of the Cu-W thin film showed that the surface morphology
appeared as the nano-cauliflower.
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