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The electrodeposition of tungsten in ZnCl,—NaCl-KCI-KF-WO3; melt at 250°C was further studied to
obtain a thicker deposit. In the ordinary electrolysis at 0.08 V vs. Zn(Il)/Zn, the current density decreased
from 1.2mAcm—2 to 0.3 mAcm~2 in 6h. A thickness of the obtained tungsten layer was 2.1 wm and
the estimated current efficiency was 93%. A supernatant salt and a bottom salt were sampled after 6 h

from the melting and were analyzed by ICP-AES and XRD. It was found that the soluble tungsten species
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slowly changes to insoluble ones in the melt. The soluble species was suggested to be WOsF~ anion. One
of the insoluble species was confirmed to be ZnWO, and the other one was suggested to be K;WO;F,.
Electrodeposition was carried out under the same condition as above except for the intermittent addition
of WOs5 every 2 h. The current density was kept at the initial value and the thickness was 4.2 wm. The
intermittent addition of WO3 was confirmed to be effective to obtain a thicker tungsten film.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Micro-parts for micro-electro-mechanical systems (MEMS) are
becoming increasingly important, and the lithographie galvanofor-
mung abformung (LIGA) process for producing such parts is
attracting attention [1]. The LIGA process is already used in practical
applications [2,3], and holds great promise for the future. The cur-
rent LIGA process, however, requires electroforming in an aqueous
solution, and thus the applicable materials are restricted to cop-
per, gold, nickel, Ni-Fe alloys and Ni-Co alloys [4-9]. Nevertheless,
the strength and durability of the materials used in the micro-parts
are expected to be improved, wherein refractory metals (especially
tungsten) have the greatest potential.

Although the electrodeposition of tungsten from an aqueous
solution is extremely difficult, Senderoff and Mellors obtained elec-
trodeposits of refractory metals from alkali metal fluoride melts
at 700-850°C [10,11], and Katagiri et al. successfully electrode-
posited metallic tungsten from ZnBr,—NaBr [12] and ZnCl,-NaCl
[13] at 350-450°C. However, the resist sheet for the LIGA pro-
cess deteriorates at such high temperatures (350°C or more). We
have therefore been investigating tungsten electrodeposition in a
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temperature range in which the resist is not deformed. We have
already reported that electrodeposition of tungsten is possible in
a ZnCl,-NaCl-KCI melt (mp 203 °C) at 250°C using WCly as the
tungsten ion source, and that the addition of KF to the melt gives
the smoother deposits probably owing to the change of ligand
structure of the tungsten complex ions in the melt [14]. Further-
more, we reported that the usage of W03 as a tungsten ion source
gives smoother and denser deposits, and that it is possible to coat
conventional LIGA parts with tungsten [15]. In addition to the
higher quality of the deposit, WO3 has another advantage of non-
volatility compared with WCl4 that is volatile at 250 °C. However,
the decrease of current during a long-term electrodeposition was
found for the ZnCl,-NaCl-KCI-KF-WO3 melt, which was a major
obstacle in obtaining thicker tungsten deposits. So, in this study,
we further studied the electrodeposition of tungsten and especially
focused on tungsten species in the melt. The mechanism of the
change of ionic species is discussed and a method to maintain the
electrodeposition longer time is proposed.

2. Experimental
2.1. Materials and apparatus

All the chemicals were anhydrous reagent grade. ZnCl, (99.9%,
Wako Pure Chemical Industries, Ltd.) was dried in a furnace under
vacuum at 130°C for three days or more. NaCl, KCl, KF (99% each,
Wako Pure Chemical Industries, Ltd.) and WO3 (99.5%, Wako Pure
Chemical Industries, Ltd.) were dried in a furnace under vacuum
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at 400 °C for three days or more. The chemicals were thoroughly
mixed (ZnCl,:NaCl:KCl:KF:WO03 =0.6:0.2:0.2:0.04:0.0054, in mole
fraction) in an alumina crucible on a heating plate in a glove box
filled with argon. The salts were melted at 250 °C. The working elec-
trode was a nickel plate (99.9%, 10 x 10 x 0.2 mm, Nilaco Corp.).
The nickel plate was electrochemically polished in sulfuric acid
beforehand. The counter electrode was a glassy carbon rod (3 mm
in diameter, GC-20, Tokai Carbon Co., Ltd.). A zinc wire (99.99%,
0.5 mm in diameter, Nilaco Corp.) immersed in the melt was used
as the reference electrode. A chromel-alumel thermocouple was
used for the temperature measurement.

2.2. Electrolysis and evaluation of electrodeposits

The cyclic voltammetry and potentiostatic electrolysis were car-
ried out using an electrochemical measurement system (Hokuto
Denko Co., Ltd., HSV-100) in a glove box filled with argon. A
schematic drawing of experimental apparatus has been shown
elsewhere [14]. After the electrolysis, electrodes were immersed
in distilled water to remove adherent salts. In order to evaluate the
thickness of the film obtained, the cross-sectional view of deposits
was observed by field emission scanning electron microscopy (FE-
SEM, Hitachi S-800).

2.3. Analysis of the salts

The supernatant salt and the bottom salt containing precipitate
were sampled after 6 h had passed from the melting. These sam-
ples were scraped from the cooled and solidified melt. The bottom
salt was a mixture of the precipitate and the solidified melt. The
compositions of Zn, K, Na and W in these samples were measured
by inductively coupled plasma atomic emission spectrometry (ICP-
AES, Thermo Fisher Scientific Inc.,iCAP6500 DUO). The composition
of F was measured by ion chromatography (IC, Dionex Corp., ICS-
3000). In order to identify the bottom salt, it was sealed into a
polyethylene bag under argon and analyzed by X-ray diffractome-
try (XRD, Rigaku Industrial Co., Ltd., RINT1500).

3. Results and discussion

3.1. Cyclic voltammetry, potentiostatic electrolysis and analysis
of electrodeposited tungsten

A cyclic voltammogram (CV) was measured immediately after
the salts (ZnCl,-NaCl-KCI-KF-WO03) were melted at 250 °C, which
is shown as a solid curve in Fig. 1. Cathodic currents were observed
at more negative than 0.45V vs. Zn (II)/Zn. According to our
previous study [15], these cathodic currents correspond to the
electrodeposition of tungsten. In the same melt, potentiostatic elec-
trolysis was conducted for a nickel electrode at 0.08 V for 6 h. It has
been clarified that electrodeposition of tungsten occurs without the
codeposition of zinc at this potential [15]. Fig. 2 shows a change of
current density during the electrolysis. In the first five minutes, cur-
rent density decreased rapidly to 1.0 mA cm~2. Then, it increased
slightly from 1.0mAcm~—2 to 1.2 mAcm2 in 30 min. After that, it
decreased gradually to 0.3 mA cm~2 in 6 h. Since the decrease of cur-
rent was observed, a CV was measured again after the potentiostatic
electrolysis, which is shown as a dashed curve in Fig. 1. The current
attributed to electrodeposition of tungsten decreased and the cur-
rent assigned to the nickel-zinc alloy formation was observed at
more negative than 0.05 V [14]. This cathodic current of nickel-zinc
alloy formation was observed in the melt without WO5 [15]. There-
fore, it is considered that the rate of tungsten electrodeposition
became slow, and that the nickel-zinc alloy formation proceeded
before the surface of electrode was covered with tungsten. Fig. 3
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Fig.1. Cyclic voltammograms for nickel electrodes in the ZnCl, -NaCl-KCl-KF-WO5
melt at 250°C. Solid curve: immediately after melting. Dashed curve: after poten-
tiostatic electrolysis at 0.08 V vs. Zn (11)/Zn for 6 h. Scan rate: 0.05Vs~.
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Fig. 2. A change of current density during the potentiostatic electrolysis at 0.08 V
vs. Zn(I1)/Zn for 6 h in the ZnCl,-NaCl-KCI-KF-WO3 melt at 250°C.
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Fig. 3. A cross-sectional SEM image of electrodeposited tungsten by the potentio-
static electrolysis in the ZnCl,-NaCl-KCI-KF-WO3 melt at 0.08 V vs. Zn(Il)/Zn for 6 h
at 250°C.
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Fig.4. (a.) The appearance of the ZnCl,-NaCl-KCI-KF-WO03; melt immediately after
melted at 250 °C. (b.) The appearance of the ZnCl,-NaCl-KCI-KF-WO3 melt after 6 h
from melting at 250 °C (without electrolysis).

shows a cross-sectional SEM image of the electrodeposited tung-
sten. The thickness is approximately 2.1 wm. The current efficiency
is calculated to be 93% from the thickness of the deposit, assuming
that the electrodeposition proceeds via a six-electron reduction as
follows.

W(VI) + 6e = W (1)

Although the accuracy of this value is not very high due to the error
in estimating the thickness, it is reasonable to consider that the
electrodeposition proceeds by a six-electron reduction.

The reasons for the decrease and the increase of current are dis-
cussed. Firstly, it is considered that the rapid decrease in the first
five minutes is mainly due to the decrease of tungsten species or the
increase of oxide ions in the vicinity of working electrode. The slight
current increase in the next half an hour indicates the increase of
bulk concentration of W(VI) ion. It is assumed that the bulk concen-
tration of W(VI) ion reached the highest value after about 0.5 h from
the melting due to a time lag of WO3 dissolution. On the other hand,
the moderate current decrease in 6 h is presumed to be caused by
the decrease of bulk concentration of W(VI) ion. Since the amount
of W(VI) ion consumed by the electrodeposition is calculated to be
only 0.36% of the total amount of WOs in the melt, the decrease of
bulk concentration of W(VI) ion was not caused by the electrode-
position. Furthermore, the decrease of W(VI) ions was not caused
by volatilization of tungsten compounds because very little subli-
mate was observed on the top of the vessel and tungsten was not
detected from the sublimate by XPS analysis. Thus, it is considered
that the decrease of W(VI) ions is caused by the transformation of
the electrochemically active tungsten species to inactive ones.

3.2. The analysis of the melts by ICP-AES, IC and XRD

The appearance of the melt immediately after melted at 250°C
is shown in Fig. 4-a. The melt was yellow and not transparent. After
6 h without electrolysis, the melt became transparent, as shown in
Fig. 4-b, and a gray precipitate was observed in the bottom of the
crucible. Then, the compositions of Zn, K, Na and W in the bottom
salt and the supernatant salt were analyzed by ICP-AES, and those
of F were analyzed by IC. These results are listed in Table 1. The
data has been standardized so that the composition of Zn becomes
60.0 for all cases. The composition of tungsten in the supernatant

Table 1
Compositions for the designed salt, the supernatant salt and the bottom salt includ-
ing a precipitate. The salt was sampled after 6 h from the melting.

Na K Zn W F
Designed salt/mol ratio 20.0 24.0 60.0 0.54 4.0
Supernatant salt/mol ratio 19.7 239 60.0 0.06 39
Bottom salt/mol ratio 18.5 22.2 60.0 7.2 5.2

saltis lower compared with the designed value. On the other hand,
the tungsten content in the bottom salt is higher than the designed
one. It is also seen that the composition of F in the bottom salt
is high. From these results, the following three facts were found:
(i) A soluble tungsten species is generated upon melting. (ii) The
soluble species slowly changes to insoluble tungsten species. (iii)
The insoluble species contains fluorine. It is also confirmed that the
decrease of current during the electrodeposition was caused by the
decrease of soluble tungsten species in the melt.

To investigate the tungsten species in the bottom salt, the sam-
pled salt was analyzed by XRD. The obtained spectrum is shown in
Fig. 5. Peaks at 22.7°, 23.9° and 36.1° are assigned to a polyethy-
lene bag that was used to seal the hygroscopic salt. Other peaks are
mostly assigned to ZnWOQy, but several peaks remain unidentified.
These unidentified peaks may be due to a tungsten compound of
which crystal structure has not been reported yet. Moreover, no
peaks of ZnCl,, NaCl and KCI are observed, although they are the
main components of the melt. It is likely that the solidified salt
exists in an amorphous phase. In our previous study [16], the ideal
glass transition temperature of the ZnCl,-NaCl-KCl eutectic melt
was determined to be 10°C from VTF plots of viscosity and ionic
conductivity, which is consistent with the result of XRD. Such glass
forming behavior of the melt should be related with the formation
of chlorozincate anions like Zn,Cls~ and ZnCl3~ [17].

3.3. Discussion on the change of the tungsten species

In our previous study [15], it has been found that F~ ions are
necessary to dissolve WOs3 in the melt. Thus, the soluble tung-
sten species, which is generated immediately after melting, should
contain F~ ions. According to the literature [18], many tungsten
compounds containing chlorine or fluorine are volatile at 250°C.
On the other hand, the tungsten species in this system is not volatile
as described in section 3.1. Thus, it is considered that the soluble
tungsten species is WO3F~ anion.

WO3 +F~ = WO3F~ (2)
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Fig. 5. An XRD spectrum of the bottom salt of the ZnCl,-NaCl-KCI-KF-WO3 melt
after 6 h from melting at 250°C.
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Fig. 6. A change of current density during the potentiostatic electrolysis in the
ZnCly-NaCl-KCI-KF-WO03 melt at 0.08V vs. Zn(II)/Zn for 6 h with the intermitted
addition of WOs3 every 2 h at 250°C.

Then, a reaction of tungsten electrodeposition is written as
WO3F~ +6e™= W + 30, +F~ (3)

On the other hand, it is predicted that WO3F~ anions slowly
change into insoluble ZnWOQ,4. Considering that both zinc and oxy-
gen are necessary to transform WO3F~ to ZnWOQy,, and that the
precipitate should also contain fluorine, the following reaction is
suggested.

ZnyCls™ 4+ 2WOsF~ + 2K+ +2F~
= ZnWOy4 + Ko WO;,F4 +ZnCl3~ 4+ 2C1- (4)

Here, the unidentified peaks in Fig. 5 are considered to cor-
respond to K;WO,F4. The moderate decrease of current during
the potentiostatic electrolysis can be explained by the decrease of
WO3F~ anion according to reaction (4).

3.4. A method to maintain the electrodeposition for a longer
period

From the above discussion, the slow transformation of soluble
tungsten species to insoluble ones was suggested to be the main
reason for the current decrease. However, according to the current
decay curve in Fig. 2, the current density is relatively high in the ini-
tial 2 h. So, it is expected that the electrodeposition proceeds for a
longer period by adding WO3 every 2 h. To confirm this, electrode-
position was conducted under the same condition as Fig. 2 except
for the addition of WO3 every 2 h. The amount of WOj3 in every
addition was the same as the initial amount. The current response
is shown in Fig. 6 together with the case of no intermittent addition.
Asharp increase of the current is observed at every addition and the
average current is maintained at the same level as the initial 2 h.
Fig. 7 shows a cross-sectional view of the electrodeposited tung-
sten. The thickness of tungsten layer was approximately 4.2 wm and
the current efficiency was calculated to be 90%. So, it is confirmed
that the intermittent addition of WOs is effective to maintain the
current density at a high level for a long period, which enables us
to obtain a thicker tungsten film.
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Fig. 7. A cross-sectional SEM image of the electrodeposited tungsten by the poten-
tiostatic electrolysis in the ZnCl,-NaCl-KCI-KF-WO3; melt at 0.08 V vs. Zn(Il)/Zn for
6 h with the intermitted addition of WO3 every 2 h at 250°C.

4. Conclusions

A cause of the current decay was revealed for the electrodepo-
sition of tungsten in the ZnCl,—NaCl-KCI-KF-WO3 melt at 250°C.
It was found that the soluble tungsten species slowly changes to
insoluble ones. The soluble species was suggested to be WOsF~
anion. One of the insoluble species was confirmed to be ZnWOQ,
and the other one was suggested to be K;WO,F,4. The intermittent
addition of WO3 every 2 h was confirmed to be effective to main-
tain the current density at a high level, which enables to obtain a
thicker tungsten film.
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