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ARTICLE INFO ABSTRACT

Keywords: In this study we report, for the first time, a thick f-W film with a mirror-like surface prepared through elec-
Tungsten films trodeposition involving a CsF-CsCl eutectic melt combined with 2.0 mol% of WO3 at 773 K. A smooth-surfaced
p-Tungsten B-W film with a thickness of 13 ym was obtained when galvanostatic electrolysis was performed at — 4 mA cm 2.
ﬂ::;i?]’:smon X-ray diffraction analysis revealed that the obtained p-W films have a strong preferred orientation along the
CSF_GsCl {111} plane, which becomes stronger with decreasing current density. Surface and cross-sectional morphologies

observed through scanning electron microscopy indicated that increasing the current density caused the growth
of the electrodeposit to change from the field-oriented texture type to the unoriented dispersion type, in
accordance with Fischer’s classification of electrodeposition. To the best of our knowledge, this is the first time
that mirror-like metal films have been electrodeposited in a high temperature molten salt, not only for tungsten

but for any metal.

1. Introduction

Tungsten metal, which is renowned for its refractory properties such
as a high melting point and remarkable hardness, has widespread utility
in myriads of fields. However, the features that make it an attractive
material also present challenges when processing it into thin films or
complex shapes. Thus, electrodeposition has been explored as an alter-
native for fabricating functional tungsten films.

Tungsten is known to exist in two phases: a stable a-W with an A2
structure and a metastable f-W with an A15 structure [1]. Over the
years, f-W films with the A15 structure have attracted tremendous in-
terest, most notably in spintronic technology, as they exhibit a giant spin
Hall effect [2,3]. Physical vapor deposition (PVD) has been used almost
exclusively for the preparation of -W films [2-9]. However, the PVD
method is not suitable for the fabrication of thick films — the thickness of
B-W films reported so far is of the order of nanometers (less than 500 nm
[51). As a result, the properties of bulk s-W, such as its spin Hall angle,
hardness and elastic modulus, have not been accurately measured, and
applications other than spintronics have not yet been proposed.

By contrast, electrodeposition from high-temperature molten salts,
such as fluorides [10], chlorides [11-13], fluoride—chloride mixtures
[14-16], and oxides [17,18], has been actively studied as a new film
preparation method for the stable a-W phase. Despite the success in a-W
films, the electrodeposition of f-W films remains under-explored. The
first advance on this topic was the work of Katagiri et al., who obtained
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almost pure f-W using molten ZnBro—-NaBr-WBrs at 723 K, although the
films formed were not smooth and compact [19]. Another study by Nitta
et al. also obtained mixed-phase films comprising a-W and f-W using
molten Li,WO4-NayWO4-KsWO,4-LiCl-NaCl-KClI at 873 K [20]. In one
of our recent works, we reported a relatively smooth and compact
mixed-phase film obtained using molten CsF-CsCl-WO3 at 823 K [21].
Despite these developments, there have been no reports of smooth,
compact, and thick single-phase f-W films obtained through PVD or
electrodeposition, to the best of our knowledge.

In this study, we employ molten CsF-CsCl-WOs at the lower tem-
perature of 773 K to suppress grain growth and obtain smoother elec-
trodeposits. Then, we obtain a thick single-phase $-W film with a mirror-
like surface. Thus, we not only establish a method for obtaining desir-
able thick g-W films but also provide a platform for further research on
the applications of g-W films.

2. Experimental

Reagent-grade CsF (Furuuchi Chemical Corp. > 99.0%) and CsCl
(FUJIFILM Wako Pure Chemical Corp. > 99.0%) were first dehydrated
under vacuum at 453 K for over 24 h and further dehydrated under
vacuum at 773 K for 24 h. The salts were then mixed into a eutectic
composition (molar ratio of CsF:CsCl = 50:50, melting point = 713 K,
150 g) and loaded into a graphite crucible which was placed at the
bottom of a stainless-steel vessel. After blank measurements in molten
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Fig. 1. Cyclic voltammograms of a Au flag electrode in a molten CsF-CsCl salt
before and after addition of WO3 (2.0 mol%) at 773 K. Scan rate: 0.2 Vs~ L. R.P.:
rest potential.

CsF-CsCl, 2.0 mol% of granular WO3 (Kojundo Chemical Laboratory Co.
Ltd., 99.9%) was directly added to the melt to act as the W(VI) ion
source.

Electrochemical measurements and galvanostatic electrolysis were
performed using the three-electrode method in an electrochemical
measurement system (Hokuto Denko Corp., HZ-7000) under a dry Ar
atmosphere. For the working electrodes, Cu foil (Nilaco Corp., thickness:
0.030, 0.05 mm, 99.9%), Ag flag (Nilaco Corp., diameter: 2.0 mm,
thickness: 0.1 mm, 99.98%), and Au flag (Nilaco Corp., diameter: 2.0
mm, thickness: 0.10 mm, 99.95%) were selected. The structure of the
flag electrode was reported in one of our previous works [22]. A glass-
like carbon rod (Tokai Carbon Co., Ltd., diameter: 3.0 mm) and a Pt
wire (Nilaco Corp., diameter: 1.0 mm, 99.98%) were employed as the
counter electrode and the quasi-reference electrode, respectively. The
potential of the quasi-reference electrode was calibrated with respect to
the dynamic Cs*/Cs potential determined by cyclic voltammetry per-
formed on a Ag electrode. The melt temperature was measured using a
type-K thermocouple. The electrolyzed samples on the Cu foils were
soaked in distilled water for 10 min at 333 K to remove the salt adhering
to the deposits.

Phase identification of the samples was conducted through X-ray
diffractometry (XRD; Rigaku, Ultima IV, Cu-Ka, 40 kV, 40 mA). The
surface and cross-sectional morphologies of the samples were investi-
gated using scanning electron microscopy (SEM; Thermo Fisher Scien-
tific Inc., Phenom Pro Generation 5). The surface roughness (S,) of the
samples was measured using a laser microscope (Keyence VK-X 1000).
The samples were cut at the center and embedded in acrylic resin before
cross-sectional SEM observations were performed. The samples were
polished with emery papers and buffing compounds and subsequently
coated with Au using an ion-sputtering apparatus (Hitachi Ltd., E-1010)
to impart conductivity.

3. Results and discussion

To ascertain the electrochemical behavior of W, cyclic voltammetry
was performed on a Au flag electrode before and after the addition of
2.0 mol% WOj3 to molten CsF-CsCl at 773 K. As shown in Fig. 1, in the
absence of WOj3 (blank), almost no current is observed during the
negative scan which commenced from the rest potential (1.7 V vs. Cs*/
Cs) to 0.95V, as well as the proceeding positive scan, conducted up to
2.45 V. Upon the addition of WOs, the cathodic current started to in-
crease at around 1.50 V and formed a peak at 1.30 V during the negative
scan, suggesting the reduction of W(VI) ions. When scanning was
reversed to the positive direction, two anodic current peaks were
observed at 2.10 V and 2.25 V — an indication that the anodic dissolution
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Fig. 2. Images of samples obtained through the galvanostatic electrolysis of Cu
foil electrodes in the molten CsF-CsCl salt containing 2.0 mol% WO;3 at
cathodic charge densities of (a) 4 mA cm 2, (b) 6 mA cm 2, (¢) 8 mA cm™2, and
(d) 10 mA ecm~2 at 773 K. Unified charge density: 90C cm™2. Coating area: 5 x
10 mm.

of W occurred via multi-step reaction(s). Similar observations were
made in our previous study pertaining to the electrodeposition of W in
molten KF-KCI-WOs3 [21]. However, this study mainly encompasses the
cathodic electrodeposition of W; thus, the anodic dissolution mechanism
(s) will be the subject of a future study.

Deposition samples were thereafter prepared through the galvano-
static electrolysis of Cu foil electrodes at 773 K at varying cathodic
charge densities: (a) 4 mA cm’z, (b) 6 mA cm’z, (c) 8 mA cm’z, and (d)
10 mA cm™2. The charge density was unified to 90C cm ™2 for compar-
ison. Fig. 2 shows images of the various samples after washing with
water. As illustrated, the samples obtained at (a) 4 mA cm 2 and (b) 6
mA cm~2 have a metallic luster, which suggests the formation of an
extremely smooth surface. Remarkably, even without polishing, the
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Fig. 3. Images of (a) the unpolished sample prepared by electrodeposition at a
cathodic current density of 4 mA cm 2 and (b) an original Cu substrate. Unified
charge density: 90C cm 2. Coating area: 8 x 12.5 mm.

sample obtained after electrodeposition at 4 mA cm ™2 (Fig. 3a) displays
a mirror-like surface similar to that of the Cu substrate before electro-
deposition (Fig. 3b).

For characterization, the obtained electrodeposition samples (shown
in Fig. 2) were subjected to XRD analysis, as shown in Fig. 4. A com-
parison with the reference pattern (PDF #00-047-1319) confirms that
all electrodeposited films are single-phase -W. Here, it is important to
note that the films obtained at (a) 4 mA ¢cm 2 and (b) 6 mA ¢cm ™2 appear
to have a strong preferred orientation along the {111} plane. To further
evaluate this preferred orientation, the orientation index of the {111}
plane, @311, was calculated using the following formula proposed by
Willson et al. [23]:

_ I(sample)/ZI(sample)

%kt = ] (PDF) /<I(PDF) M

Here, Iyx(sample) and I (PDF) denote the diffraction intensities of the
hkl indices of the deposits and the PDF data, respectively. The =
I(sample) and XI(PDF) denote the sum of diffraction intensities of all hkl
indices of the deposits and the PDF data, respectively. Subsequently, the
a111 was plotted against the cathodic current density, as shown in Fig. 5.
The plot reveals that the preferred orientation along the {111} plane of
the electrodeposited f-W films becomes stronger with decreasing cur-
rent densities, achieving the highest @17 value of 26.4 at 4 mA em 2
Considering previous work on the preferred orientations of -W films,
Hsieh et al. reported a strong preferred orientation along the {321}
plane for g-W films obtained through thermal evaporation [24]. In
another study by Karabacak et al., f-W nanorods obtained through
oblique-angle sputter deposition manifested a preferred orientation
along the {100} plane [25]. However, to date no studies on 4-W films
prepared by PVD have reported a preferred orientation along the {111}
plane. Likewise, for electrodeposited f-W films, there is virtually no
literature on preferred orientation. It is worth mentioning that previous
studies have reported that the crystal orientation of electrodeposited
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Fig. 4. XRD patterns of the samples obtained by galvanostatic electrolysis of Cu
foil electrodes in the molten CsF-CsCl salt containing 2.0 mol% WOs at
cathodic current densities of (a) 4 mA cm ™2, (b) 6 mA cm ™2, (¢) 8 mA cm™2 and
(d) 10 mA cm 2 at 773 K. Unified charge density: 90C cm 2
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Fig. 5. Orientation indices of the {111} plane of the electrodeposited f-W films
obtained at cathodic current densities of (a) 4 mA cm’z, (b) 6 mA cm’z, (c) 8
mA cm 2 and (d) 10 mA cm 2. Unified charge density: 90C cm 2

a-W films varies depending on the current density during the galvano-
static electrolysis and the parameters in pulse electrolysis [26,27].
However, the mechanism(s) of preferred orientation are yet to be
determined. In a bid to elucidate these mechanisms for f-W films,
detailed analysis of samples prepared under various conditions are
currently underway and will be the subject of future reports.

To observe the morphology of the p-W film, surface and cross-
sectional SEM images of the various samples were obtained as shown
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Fig. 6. Surface and cross-sectional SEM images of the -W films obtained at
cathodic current densities of (a) 4 mA cm™2, (b) 6 mA cm ™2, (c) 8 mA cm™2 and
(d) 10 mA cm 2. Unified charge density: 90C cm 2.

in Fig. 6. The sample obtained at 4 mA cm™~2 (a) appears to be extremely
smooth and flat on both the surface and its cross-section. To further
evaluate the smoothness, the arithmetic mean height of the surface (S,),
which is a three-dimensional expansion of R,, was measured with a laser
microscope. A very low S, value of 0.11 pm was obtained from the f-W
film fabricated at 4 mA cm 2. According to the literature describing the
relationship between the surface roughness and glossiness of metals, it
has been found that glossiness increases rapidly when the surface
roughness (R,) becomes smaller than 0.2 pm [28]. Since the surface
roughness of the present W film was 0.11 um (S,), it can reasonably be
classified as a mirror-like surface.

There have been several reports claiming the electrodeposition of
smooth metal films (W [21,26], Ti [29,30], Nb [31], etc.) in high-
temperature molten salts. However, the surface roughness (R,)
measured by a profilometer or estimated from SEM images of cross-
sections were all above 0.5 pm. Therefore, the films obtained in the
previous studies cannot be classified as mirror-like surfaces. As far as we
know, the present study is the first time that mirror-like metal films have
been electrodeposited in a high temperature molten salt, not only for
tungsten but for any metal.

From the cross-sectional SEM image, the -W film is found to have a
thickness of around 13 pm. Calculations based on the weight increase
determined the current efficiency to be 91%. Assuming a six-electron
reaction along with the calculated current efficiency (91%), the theo-
retical thickness was found to be 14 um, which is virtually equivalent to
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Fig. 7. Schematic diagrams showing different types of polycrystalline electro-
deposit growth as proposed by Fischer [33,34]: (a) field-orientated texture (FT),

(b) unoriented dispersion (UD) in coherence, and (c) unoriented dispersion
(UD) in powder.

the observed thickness.

By the same token, SEM images of the samples (b)-(d) were
observed, revealing the formation of larger spherical particles with
increased current density, thereby diminishing the smoothness of the
film surface. Using the Scherrer equation [32], the average grain crys-
tallite size can be calculated from the XRD patterns as follows:

L = K1/Bcosd 2

Here, K is the shape factor (usually about 0.9), 4 is the X-ray wavelength
(0.154 nm for Cu-Ka),  represents the full width at half maximum of the
diffraction peak, and 0 is the Bragg angle. In all samples, the average size
of the f-W crystallites was approximately 18-22 nm - an indication that
the spherical particles are formed by a collection of fine crystallites.
Here, we note that the formation of larger spherical particles at higher
current densities cannot be justified by the size of the crystallites but
rather can be attributed to changes in the growth type of polycrystalline
electrodeposits as characterized by Fischer [33,34] (Fig. 7). Provided
the metal ion concentration and inhibition intensity remain constant,
relatively low current densities induce two-dimensional nucleation that
forms a field-orientated texture (FT) type deposit (Fig. 7a) with smooth
surfaces. At higher current densities, three-dimensional nucleation
producing the unoriented dispersion (UD) type occurs, thereby forming
a coherent deposit (Fig. 7b). Further increases in the current density
enhance the three-dimensional nucleation, resulting in the UD powder
type deposit (Fig. 7c). Although this model provides an adequate
explanation for the results obtained in this study, further analysis of the
metallographic structure using TEM as well as other techniques should
be explored for further validation.

4. Conclusion

We report for the first time a single-phase -W film with a mirror-like
surface and a thickness of 13 um, obtained through electrodeposition.
The -W films exhibit a preferred orientation along the {111} plane,
which is noted to become stronger with decreasing current density.
When the current density is increased, larger spherical particles are
formed, consequently diminishing the smoothness of the film. We
attribute this observation to changes in the growth of electrodeposits
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from FT type to UD type, in accordance with Fischer’s classification of
electrodeposition. Herein, we not only establish a method for obtaining
thick p-W films with smooth surfaces but also provide a platform for
further research on the properties of g-W films and their applications.
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