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Thin films electrodeposited from aqueous solutions containing W(VI) or Mo(V1) ions using rectangular
pulse voltages with a 1 MHz frequency were investigated using scanning electron microscopy-energy
dispersive X-ray (SEM-EDX) spectroscopy and X-ray diffraction (XRD). SEM-EDX analyses
confirmed that the obtained thin films comprise W or Mo. The current efficiency increased with the
cathode potential and tended to become constant, which is consistent with the phenomenological theory
of electrodeposition. The potential barrier of W and Mo®* was 6.5 V and the maximum current
efficiency (achieved by the W thin film) was 2.3 %. XRD analyses revealed that the W and Mo thin
films have a body-centered cubic and amorphous structure, respectively.
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1. INTRODUCTION

W and Mo thin films feature extensively in different research fields owing to their unique
properties [1-2]. For example, W thin films demonstrate excellent wear resistance, corrosion resistance,
and high hardness [3], whereas Mo thin films demonstrate the low contact resistance, low thermal
expansion, and good chemical stability [4].

W and Mo electrodeposits have not been reported to form in aqueous solutions because of their
relatively high negative standard electrode potentials and low hydrogen over-potentials [5—9]. However,
the standard electrode potentials that account for thermal equilibrium cannot account for non-equilibrium
phenomena associated with electrodeposition. Pure W and Mo thin films that form in non-aqueous
solutions [10], such as organic solutions [11] and molten salts [12], have been previously investigated.

Additionally, W and Mo alloys can be easily electrodeposited when an aqueous solution contains
iron group elements; this effect is called “induced co-deposition” [13] within the framework of thermal
equilibrium. However, recent investigations have demonstrated that W and Mo alloys can also form in
aqueous solutions free of iron group elements [14,15].
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A phenomenological theory of electrodeposition that is not described by thermodynamic
variables, but by the cathode potential, potential barrier, and resonant frequencies has been previously
proposed [16]. Aqueous-solution based, electrodeposited thin films of Al (the metal has a large negative
standard electrode potential, -1.662 V [17]) were not reported until recently, when, based on the
phenomenological theory, Al thin films were electrodeposited in aqueous solutions [18]. This study
demonstrates that W and Mo thin films can also be electrodeposited in aqueous solutions.

This study aims to demonstrate that thin films electrodeposited from aqueous solutions
containing W(V1) or Mo(VI) comprised W and Mo, respectively. The current efficiency was consistent
with the phenomenological theory, and the resultant W and Mo thin films had a body-centered cubic
structure and amorphous structure, respectively.

2. EXPERIMENTAL SETUP

Aqueous solutions, A and B, were prepared with Na;WO;-2H.O (0.5 mol L*?) and
KNaC4H106-4H20 (1mol L?), and NazMoO4-2H20 (0.5 mol L) and KNaC4H106-4H20 (1 mol L?),
respectively.

A 30 x10 x 0.2 mm? copper plate and 50 x 40 x 1 mm? carbon plate were used as the cathode
and anode, respectively. One side of the Cu plate was electrically insulated to prevent electrodeposition
on this side. Two electrodes were placed parallel to each other in electrochemical cells filled with the
prepared aqueous solutions. The temperatures of the solution were maintained at 300 K during
electrodeposition.
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Figure 1. Voltage drops measured across a 22 Q resistor when a rectangular pulse voltage with an
amplitude of 9.2 V and frequency of 1.0 MHz was applied to the cell.
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W and Mo thin films were electrodeposited on the Cu plates immersed to a depth of 10 mm in
the respective solutions. The area of the C plate was approximately 40 times greater than that of the
immersed Cu plate. Hence, the negligible impedance of the electric double layer in series with the C
plate in the solution can be disregarded. The impedance between the cathode and anode can also be
ignored owing to the use of highly concentrated aqueous solutions.

A rectangular pulse voltage with a frequency of 1MHz was supplied to the cell by a function
generator. A 22 Q metal film resistor was connected in series with the cell to determine the cathode
potential (defined as the voltage applied to the electric double layer) and current flowing to the cell. The
voltage drop across the metal film resistor was measured using a digital storage oscilloscope.

Figure 1 shows a typical rectangular pulse voltage measured across the metal film resistor when
a rectangular pulse voltage with an amplitude of 9.2 V and frequency of 1.0 MHz is applied to the cell.
The cathode potential was determined to be 7.0 V, which was the maximum cathode potential that could
be supplied by the function generator used in this study.

The electrodeposits on the Cu plates were rinsed with distilled water and dried in a vacuum
chamber after electrodeposition. The electrodeposits were weighed to a precision of 0.1 mg with an
electric balance to calculate the current efficiency, defined as the ratio of the electrodeposited mass to
the theoretical W or Mo mass expected to be liberated from the electrolyte by the current passing through
the cell.

The electrodeposits on the Cu plates were investigated using scanning electron microscope-
energy dispersive X-ray (SEM-EDX) spectroscopy (Hitachi TM3030). The crystallographic structure of
the electrodeposits was determined by X-ray diffraction (XRD) using a diffractometer (Rigaku Ultima)
with carbon-monochromator-filtered CuKo radiation.

3. RESULTS AND DISCUSSION

3.1 Determination of the thin film composition

Figure 2 shows the SEM images of the thin films and their compositions determined by SEM-
EDX analysis. The thin film in Fig. 2 (a) was formed on a 10 x 10 mm? Cu surface at a cathode potential
of 3.81 V from solution A. Based on EDX analysis, the thin film on the Cu surface comprises W. The
W composition of the thin film within a circular area with a diameter of 1500 um was 2.5 wt% based
on the characteristic XRD results of the Cu plate and the electrodeposited thin film.
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(a)
Element  [wt%] Element [wt%]
Cu 9.5 Cu 94.9
W 2:5 Mo 5.1

Figure 2. SEM images and contents of the thin films formed at a cathode potential of 3.81 V. (a) Thin
film electrodeposited on a 10 x10 mm? Cu surface from solution A. The W composition was
determined within a circular area with a diameter of 1500 um by SEM-EDX spectroscopy. (b)
Detached thin film electrodeposited on a 10 x 0.2 mm? Cu end surface from solution B. The Mo
composition was determined within a circular area with a diameter of 8 um by SEM-EDX
spectroscopy.

Figure 2 (b) shows a thin film separated from a 10 x 0.2 mm? Cu end surface, which was formed
at a cathode potential of 3.81 V from solution B. The Mo composition of the thin film within a circular
area with a diameter of 8 um is 5.1 wt%. Figure 2 confirms the presence of W and Mo in the thin films.
The W and Mo contents of the electrodeposits formed at cathode potentials of 2, 3.81, 5.8, 6.5, and 7 V
were measured in two different regions of the same thin films. W and Mo were detected in all the
associated electrodeposits. Oxygen was not detected in the W and Mo thin films. As shown in Fig. 1,
current passes for 0.5 us during each cycle. Electrochemical reactions that require > 0.5 ps do not
contribute to the reduction processes of [W0,]™2 and [M00,] 2. Instead of investigating equilibrium
processes of the reduction of [W0,]~2 and [M00,]~2 [8-9, 19], further studies should focus on time-
dependent reduction processes.

3.2 Crystallographic structures of W and Mo thin films

Figure 3 shows a typical XRD pattern of a 0.4 um-thick W thin film electrodeposited at a cathode
potential of 7.0 V from solution A. A weak diffraction peak from the (200) planes of the W thin film
[20] is observed. No other W-associated diffraction peaks were observed. The (200) diffraction peak
indicates that the W thin film has a body-centered cubic (BCC) structure and that the (200)
crystallographic growth plane was parallel to the Cu plane.
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Figure 3. XRD pattern of a 0.4 um-thick W thin film electrodeposited at a cathode potential of 7.0 V
from solution A.
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Figure 4. XRD pattern of a 0.5 um-thick Mo thin film electrodeposited at a cathode potential of 7.0 V
from solution B.
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Figures 4 shows a typical XRD pattern of a 0.5 um-thick Mo thin film electrodeposited at a
cathode potential of 7.0 V from solution B. No diffraction peaks associated with the Mo thin films are
observed, indicating that the Mo thin film has an amorphous structure [21].

3.3 Surface morphology of W and Mo thin films

Figure 5 shows SEM images of the W and Mo thin films electrodeposited on Cu plates at cathode
potentials of 2.0 and 7.0 V, respectively. The surface morphology of the W thin film in Fig. 5 (a) is
characterized by steps, terraces, and kinks. It is inferred that the steps are bundled during
electrodeposition and achieve a step height suitable for observation by SEM.

Figure 5. SEM images of (a) a W thin film electrodeposited at a cathode potential of 2.0 V from solution
A, and (b) a Mo thin film electrodeposited at a cathode potential of 7.0 V from solution B.

The surface does not comprise islands [5] but appears to have formed by the layer-by-layer via
the Burton-Cabrera-Frank surface growth mechanism [22]. The surface morphology of the Mo thin film
in Fig. 5 (b) is characterized by steps, terraces, and kinks similar to the film in Fig. 5 (a). The Mo surface
appears to be smooth. There are no cracks in the W and Mo thin films formed on the Cu surfaces [11].

3.4 Dependence of the current efficiency on the cathode potential

Figure 6 shows the dependence of the current efficiency on the cathode potential. According to
the phenomenological theory of electrodeposition [16, 18], the current efficiency increases with the
cathode potential and intends to becomes constant when the cathode potential exceeds the potential
barrier of W*® and Mo®*. The dependence of the current efficiency on the cathode potential in Fig. 6 is
consistent with that in the phenomenological theory.
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Figure 6. Dependence of the current efficiency of the electrodeposited W and Mo thin films on the
cathode potential.

The potential barriers of W*® and Mo®* were determined to be 6.5 V, which value is much higher
than those of Fe?*, Mn?*, Co?*, Ni%*, and AI** [16, 18]. Hence, W*® and Mo®" ions have a lower
probability of atomization than Fe?*, Mn?*, Co?*, Ni?*, and Al**ions. The constant current efficiency of
the Mo thin films was slightly lower than the constant current efficiency of 2.3 % of the W thin films.

4. CONCLUSIONS

The compositions of thin films electrodeposited from solutions A and B were identified as W
and Mo, respectively, using SEM-EDX analysis. The current efficiency of the W and Mo thin films
increased with the cathode potential and tended to become constant. The potential barriers of W®* and
Mo®" were determined to be 6.5 V and the maximum current efficiency of the W thin films was 2.3 %.
These results are consistent with the phenomenological theory of electrodeposition. The XRD analyses
revealed that the W and Mo thin films have a BCC and amorphous structure, respectively.
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