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Abstract: In this study, we demonstrated that the deposition of Sn on Ni-Fe wires using low-pressure
chemical vapor deposition (LPCVD) can be used to control the electrical resistivity of the wires.
Furthermore, the effect of the deposition temperature on the resistivity of the Ni-Fe wires was
investigated. The resistivity of the Sn-deposited Ni-Fe wires was found to increase monotonically
with the deposition temperature from 550 to 850 °C. Structural and morphological analyses revealed
that electron scattering by Ni3Sn; and Fe3Sn particulates, which were the reaction products of LPCVD
of Sn on the surface of the Ni-Fe wires, was the cause of the resistivity increase. These coalesced
particulates displayed irregular shapes with an increase in the deposition temperature, and their
size increased with the deposition temperature. Owing to these particulate characteristics, the Sn
content increased with the deposition temperature. Furthermore, the temperature dependency of the
Sn content followed a pattern very similar to that of the resistivity, indicating that the atomic content
of Sn directly affected the resistivity of the Ni-Fe wires.
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1. Introduction

Rechargeable mobile devices with high-frequency circuits are becoming increasingly popular,
owing to rapid developments in the field of microelectronics. Due to the increased number of functions
of battery-charging equipment providing a higher level of performance, the safety of the equipment
during its operation has become crucial. A current-limiting resistor that provides both over-current
and over-temperature protection is one of the components of a high-frequency circuit that are critical
for the safe operation of the circuit. Fusing resistors (also called wire-wound resistors), which are made
of alloy wires with high melting points, are known to be suitable for use as current-limiting resistors
for providing over-current and over-temperature protection [1-3].

Ni-Fe alloys are appropriate for fabricating good fusing resistors, owing to their high melting
point (1300 °C) and low temperature coefficient of resistance (~1073/°C). For fusing resistors used in
charger circuits, achieving control over the electrical resistivity of the alloy wires, regardless of the
inherent material properties, is essential, since the resistivity required varies with the charger circuit.

High-temperature melting (at temperatures above 1000 °C) has been conventionally used to
control the resistivity of alloy wires. Yao et al. [4] prepared Ni-Sn alloys in an induction melter and
reported that the electrical resistivity of Ni-Sn alloys varied with the Sn content for an Sn content up to
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8%. They found that the resistivity of the Ni-Sn alloys increased with the Sn content. Geny et al. [5]
investigated the dependence of the electrical resistivity of Fe-Sn and Ni-Sn alloys on the Sn content.
They measured the resistivity over a wide range of Sn content and showed that Ni-5n and Fe-5n alloys
had the maximum resistivity when the Sn content was about 40-50%.

Sputtering (or sputter deposition) has also been used to tune the electrical as well as the magnetic
properties of Ni-Fe alloys. Bailey et al. [6] doped Ni-Fe alloys with rare-earth materials such as Tb
and Gd by direct current magnetron sputtering. They showed that the electrical resistivity of the
Ni-Fe-rare earth alloys increased with increasing amounts of rare-earth dopants.

Although melting is a simple way to control the resistivity of alloy wires, it requires a high
temperature and it is also time-consuming. Controlling the resistivity of alloy wires by depositing
metals on their surface through low-pressure chemical vapor deposition (LPCVD) can be a good
alternative to high-temperature melting. During LPCVD, the chemical reaction occurs at pressures
below the atmospheric pressure (usually less than 10 Torr) [7-15]. Therefore, LPCVD can activate
chemical reactions between metals and alloy wires at temperatures lower than those used for
high-temperature melting.

In the present study, the possibility of controlling the electrical resistivity of Ni-Fe wires through
the deposition of Sn through LPCVD was investigated. The deposition temperature was varied from
550 to 850 °C, and its effect on the resistivity of the Ni-Fe wires was studied. The change in the
resistivity of the Sn-deposited Ni-Fe wires was discussed on the basis of an analysis of their structural,
morphological, and compositional characteristics.

2. Materials and Methods

2.1. Deposition Method

Figure 1 depicts the LPCVD apparatus used for the deposition of Sn. The LPCVD configuration
was of the hot-wall type, where isothermal heating was performed using a furnace surrounding a
reaction chamber. The reaction chamber was a horizontally positioned quartz tube (inner diameter
= 50 mm). The chamber was pumped by a rotary pump (Woosung Automa, W2V40, Gyeonggi-do,
Republic of Korea).

Quartz
[ AmvranAsrArmArArAns |/ tube
Sample: /" "\ Rotary
\_ ) pump
vy
Furnace
%\\ Bubbler Exhaust

Figure 1. Schematic of the low-pressure chemical vapor deposition (LPCVD) apparatus used for the
deposition of Sn on Ni-Fe wires.

Dibutyltin diacetate (DBTDA, C1,H»4045n) was used as the source of Sn for Sn deposition. Its
boiling point is 140 °C, and it is in the liquid phase at room temperature. It was contained in a
stainless-steel bubbler. DBTDA was vaporized and introduced into the reaction chamber by a carrier
gas. Ar was used as a carrier gas because it is an inert gas. Ar flow was regulated by a mass flow
controller (MKS, 1179A, Andover, MA, USA). The tubing between the bubbler and the reaction chamber
was heated by a heating jacket to remove residual liquid droplets. Throughout this study, the Ar flow
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rate was 50 sccm, and the chamber pressure was 4 Torr. The deposition time was also fixed to 1 h. The
deposition temperature was varied from 550 to 850 °C.

Ni-Fe wires with a length and a diameter of 130 and 0.1 mm, respectively, were used. The
sample wire on which Sn was to be deposited was placed on a sample holder located at the center of
the furnace.

2.2. Materials Characterization

The resistivity of the Sn-deposited Ni-Fe wire was measured using a digital ohmmeter (ADEX,
AX-1142N, Kyoto, Japan). Structural and morphological analyses were performed using an X-ray
diffractometer (XRD; Rigaku, Ultima III, Kyoto, Japan) and a scanning electron microscope (SEM;
COXEM, EM-30AX, Daejeon, Republic of Korea), respectively. The XRD used a CuKoa radiation
(wavelength = 0.154 nm) as an incident beam. The atomic Sn content of the Ni-Fe wires was
obtained using energy dispersive X-ray diffraction (EDX). The depth profile of Sn was obtained using a
time-of-flight secondary-ion mass spectrometer (ToF-SIMS; IONTOF GmbH, ToF-SIMS 5, Miinster,
Germany).

3. Results and Discussion

Figure 2 shows the electrical resistivities of Ni-Fe wires on which Sn was deposited through
LPCVD at different deposition temperatures, from 550 to 850 °C. The diamond symbol defined as
“undeposited” in the figure represents a pristine Ni-Fe wire, without Sn. The resistivity of a pristine
Ni-Fe wire was 39.5 u()-cm. When Sn was deposited on a Ni-Fe wire, the wire’s resistivity changed.
The resistivity increased slightly to 39.7 p()-cm when Sn was deposited at 550 °C and increased
monotonically with the deposition temperature. For Sn deposition at 850 °C, the resistivity of the Ni-Fe
wire was 43.2 p()-cm, which was 9.4% higher than that of the pristine Ni-Fe wire. This indicated that
LPCVD of Sn on Ni-Fe wires can be used to manipulate the resistivity of Ni-Fe alloys. In particular,
the resistivity of Sn-deposited Ni-Fe wires depends on the deposition temperature. To check whether
annealing itself affects the resistivity of the Ni-Fe wires, the resistivityof the pristine Ni—-Fe wire was
measured at 550 and 850 °C and resulted to be 39.5 and 39.4 pQ)-cm at 550 and 850 °C, respectively,
whichis nearly the same as that of the pristine Ni-Fe wire before annealing. This implies that annealing
barely affects the resistivity of Ni-Fe wires in the absence of Sn deposition.
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Figure 2. Electrical resistivity of Sn-deposited Ni-Fe wires as a function of the deposition temperature.

The diamond symbol defined as “undeposited” indicates a pristine Ni-Fe wire, without Sn. The
resistivity was measured at room temperature.

The electrical resistivity of a material indicates how strongly the material resists the migration
of electrons in it. Therefore, the resistivity depends on the structure and morphology of a material.
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In order to investigate the change in resistivity of the Sn-deposited Ni-Fe wires depending on their
structure and morphology, XRD and SEM measurements were performed.

Figure 3 shows the XRD spectra of the Ni-Fe wires deposited with Sn at the temperatures of 550,
700, and 850 °C. The X-ray pattern of the pristine Ni-Fe wire is also shown. The pristine Ni-Fe wire
showed distinct Ni peaks (JCPDS card no. 88-2326) [16,17] and a Fe peak (JCPDS card no. 06-0696) [18]
(Figure 3a). For Ni-Fe wires deposited with Sn, other peaks appeared. At the deposition temperature
of 550 °C, small peaks corresponding to NizSn, (JCPDS card no. 06-0414) [19-21] and Fe3Sn (JCPDS
card no. 65-9135) [22,23] could be observed (Figure 3b). The intensities of these peaks increased
with the deposition temperature, implying that the formation of NizSn, and Fe3Sn, which are the
reaction products of LPCVD of Sn on Ni-Fe, increased the resistivity of Ni-Fe wires. The formation
of intermetallic phases such as NiSns, NizSny, Ni3Sny, and FeSn, was also observed when Sn was
electrodeposited on Ni-Fe wires [24].
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Figure 3. (a) XRD spectrum of the pristine wire. XRD spectra of Ni-Fe wires after Sn deposition of at
(b) 550 °C, (c) 700 °C, and (d) 850 °C.

The formation of reaction products on the Ni-Fe wires during LPCVD of Sn was supported
by SEM measurements. Figure 4 shows SEM images of the Ni-Fe wires after Sn deposited at 550,
700, and 850 °C. The SEM image of the pristine Ni-Fe wire is also shown for comparison. The
surface of the pristine Ni-Fe wire looked smooth (Figure 4a). The Ni-Fe wire after Sn deposition
at 550 °C was covered with particulates with a highly uniform nodular structure (Figure 4b). The
particulates coalesced and increased in size with the increase of the deposition temperature, because
their growth was more rapid at higher temperatures. Finally, at the deposition temperature of 850 °C,
the Sn-deposited Ni-Fe wire was covered with large particulates having irregular shapes. These
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particulates (identified as Ni3Sn, and Fe3zSn from the XRD spectra) were discretely distributed, and
pores of various sizes were observed (Figure 4d).
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Figure 4. (a) SEM image of the pristine wire. SEM images of Ni-Fe wires after Sn deposition at
(b) 550 °C, (c) 700 °C, and (d) 850 °C.

When the surface of a material is covered with particulates, electrons may be scattered by the
particulates, resulting in a decrease in the mean free path of the electrons [25,26]. As observed in the
XRD spectra and SEM images, Ni3Sn, and Fe3Sn particulates formed on the surface of Ni-Fe wires
after Sn deposition. These particulates acted as scattering sites and inhibited electron transport. This
increased the electrical resistivity of the Sn-deposited Ni-Fe wires. An increase in the resistivity of Ni
and Fe following the formation of Ni-Sn and Fe-5n alloys has been reported previously [5,27].

Since the particulates contained Sn, it may be expected that the resistivity of the Sn-deposited
Ni-Fe wire would be directly correlated with the amount of Sn on it. A compositional analysis of
the Sn-deposited Ni-Fe wires was performed to verify this. Figure 5 shows the atomic Sn content
of the Ni-Fe wires at deposition temperatures from 550 to 850 °C. The atomic Sn content was 1.24%
t the deposition temperature of 550 °C and it increased with the deposition temperature, reaching
18.72% at 850 °C. Interestingly, the increase in the atomic Sn content was more rapid at temperatures
above 700 °C. This may be attributed to the requirement of a high temperature for the efficient reaction
between Fe and Sn. It has been reported that for the formation of alloys of Fe and Sn, temperatures
higher than 700 °C are required. [28].
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Figure 5. Atomic Sn content of Ni—-Fe wires as a function of the deposition temperature.

For the Sn-deposited Ni-Fe wires, the temperature dependency of the Sn content was very similar
to that of the resistivity (see Figure 2). This implies that the atomic Sn content directly affects the
resistivity of the wires when Sn is deposited through LPCVD.

To determine the Sn content across the sample, a depth profile experiment was carried out using
ToF-SIMS and is shown in Figure 6. For ToF-SIMS measurements, an Sn-deposited Ni foil was used as
a sample because the cylindrical Ni-Fe wire was not appropriate for depth profiling. Sn was deposited
on the Ni foil through LPCVD at 850 °C. Other process conditions for the deposition of Sn on the Ni
foil were the same as those for the deposition of Sn on Ni-Fe wires: Ar flow rate = 50 sccm, chamber
pressure = 4 Torr, and deposition time = 1 h. As seen in Figure 6, the Sn content decreased with
increasing depth from the surface of the Ni foil and was not detected beyond 150 nm in depth. Since the
Sn content of the Ni-Fe wires increased with the deposition temperature, it is expected that Sn cannot
penetrate the Ni—Fe wire beyond 150 nm at deposition temperatures lower than 850 °C. Therefore, it
can be said that the formation of particulates due to Sn deposition occurred mainly on the surface of
the Ni-Fe wire.
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Figure 6. Time-of-flight secondary-ion mass spectrometer (ToF-SIMS) depth profile of Sn deposited on
a Ni foil. Sn was deposited on the Ni foil through LPCVD at 850 °C.



Coatings 2020, 10, 317 7 of 9

4. Conclusions

Sn was deposited on Ni-Fe wires through LPCVD to modulate the electrical resistivity of the
wires. Sn was deposited at temperatures from 550 to 850 °C, and the Sn-deposited Ni-Fe wires were
subjected to structural, morphological, and compositional analyses.

The resistivity of the Sn-deposited Ni-Fe wires increased monotonically with the deposition
temperature. At the highest temperature used in this study (850 °C), the resistivity of the Ni-Fe wires
was 43.2 pQ)-cm, which was 9.4% higher than that of the pristine Ni-Fe wire. A structural analysis
based on XRD measurements showed that peaks representing components other than Ni and Fe
appeared when Sn was deposited on a Ni-Fe wire. These peaks were identified as corresponding to
NizSn, and Fe3Sn, and their intensity increased with the deposition temperature. A morphological
examination based on SEM measurements showed that when Sn was deposited on a Ni-Fe wire, the
surface of the wire became covered with particulates. These particulates coalesced and increased in
size with an increase in the deposition temperature. A compositional investigation based on EDX
measurements showed that the atomic Sn content increased with the deposition temperature. For the
Sn-deposited Ni-Fe wires, the temperature dependency of the Sn content was very similar to that
of the resistivity, implying that the atomic Sn content directly affected the resistivity when Sn was
deposited through LPCVD.

The results of this work suggest that LPCVD of Sn on Ni-Fe wires could be used to manipulate
the electrical resistivity of the wires, which correspondingly could be employed for the fabrication of
fusing resistors.
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