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Abstract

Using this co-electrodeposition method, we successfully prepared a Cu—Ni alloy film at a low temperature. The results of
this study showed that when Cu—Ni film is co-deposited at — 1.3 V (vs. Ag/AgCl) in a solution with a composition ratio of
Ni to Cu ions of 90:10, the atomic percentage of Cu to Ni necessary to form the Cu—Ni alloy is approximately one. Electro-
plated for 20 min, the thickness of the Cu—Ni film grows to around 10 pm, and the resistance is approximately 103 mQ. In
this work, the samples were annealed at 700, 800, and 900 °C for 30 min, respectively. The resistance increased gradually
with increases in the annealing temperature because of the increasing entropy of the Cu—Ni alloy. On the contrary, the TCR
decreased gradually with increases in the annealing temperature. The sample annealed at 900 °C exhibited a single crystal
FCC Cu-Ni alloy with a lattice constant of 3.62 A, corresponding to a very low TCR of around 50 ppm/ °C.

Graphic Abstract

Resistance Thickness

—&— Ni:Cu=99:1 --0--Ni:Cu=99:1
—o— Ni:Cu=97:3 =-0--Ni:Cu=97:3
—&— Ni:Cu=90:10 =-A--Ni:Cu=90:10

350 - - 25
300
420
250
p—
e =
£ 1y 2
200 =
® =S
< o
= 7
E w
2 150 | =
g 410 E
[~
100 F
45
50
0 1 1 1 1 ()
0 10 20 30 40 50

Electroplating Time (min)

Thickness and resistance as a function of plating time at-1.3 V (vs. Ag/AgCl)

Keywords Co-electrodeposition - Cu—Ni alloy - TCR

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-020-01398-0&domain=pdf

536

Journal of Applied Electrochemistry (2020) 50:535-547

1 Introduction

Copper—nickel alloys (Cu—Ni alloys), which were previ-
ously called cupronickel have gained a variety of interest-
ing applications owing to their specific characteristics [1].
As super alloys, Cu—Ni alloys have excellent corrosion
ability [2, 3] and are applied widely in marine engineering.
In addition, they are used in nuclear power engineering
[4]. Cu-Ni alloys with specific compositions contribute
to different properties as well as different applications.
Since most pure metals have a positive temperature coef-
ficient of resistance (TCR) of several thousand ppm/ °C,
Cu-Ni alloy with a 45 atomic percent of Ni, known as a
“constantan,” provides low resistivity and a low TCR. This
ensures low, constant electric resistance over a wide range
of temperatures and has recently been applied in thin film
configurations for resistive components [5, 6].

The traditional Cu—Ni alloy fabrication process is very
expensive since it requires an extremely high temperature
to make the Cu and Ni melt into the liquid phase, after
which Cu atoms and Ni atoms flow randomly. Therefore,
the objective of this study is to fabricate Cu—Ni alloys at
a relatively low temperature. The electrodeposition pro-
cess has a high deposition rate as is inexpensive, so it
is promising as an alternative method to fabricate Cu—Ni
alloys [7].

When Cu and Ni are mixed for co-deposition, Cu dep-
osition becomes relatively dominant because Cu has a
higher reduction potential than Ni. The quantitative and
qualitative behavior of the co-electrodeposition of Ni and
Cu based on their mixing solution differs significantly
from that of the individual single-metal solution. Some
studies have found that the composition ratio of the alloy
deposition can be mutually controlled by (1) the bath com-
positions, (2) the pH/temperature, (3) the applied poten-
tial/current densities, (4) the growth mechanism, and (5)
the displacement reaction.

In this study, we used 20 pm of a sintered aluminum
paste as the experimental substrate. Then, we co-depos-
ited Cu and Ni film in the solutions containing different
composition ratios of Cu to Ni at a constant voltage. The
standard reduction reactions for reductions of Ni and Cu
are —0.23 V and+0.34 V, respectively. We expected to
obtain a film with a specific atomic ratio of Cu to Ni.
Lastly, we would further apply a heat treatment that altered
the physical and chemical properties of the samples. After
annealing, Cu atoms and Ni atoms migrated randomly in
the crystal lattices to form the Cu-Ni alloy phase. Using
this method, the cost to fabricate alloys can be reduced.
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2 Experimental procedure

Figure 1a shows a schematic diagram depicting the three
parts of this study: (1) the preparation of Al paste on an
A,Oj; substrate, (2) Cu—Ni co-electrodeposition and anneal-
ing, and (3) a materials analysis and measurement of electric
properties.

The flow for preparing the Al-thick film paste specimens
on the Al,O; substrate is shown in Fig. 1b. Screen printing
was used to print the Al paste onto the Al,O; substrates,
after which they were placed in an oven for drying at 200 °C
for 15 min. and then sintered at 850 °C for 60 min in a box
furnace.

The electrolytic solution containing CuSO,~5H,0(s)
for Cu ions, NiSO,-6H,0(s) for Ni ions, and
C¢H5Na;0,—2H,0(s) (sodium citrate) as complexing agents
for co-electroplating were prepared as shown in Fig. lc.
Nickel solution was composed by nickel aminosulfonate
(Ni(NH,S0,)2-4H,0), nickel chloride (NiCl,-6H,0) and
boric acid (H;BO;) and Copper solution was composed by
copper sulfate (CuSO,-5H,0), sulfuric acid (H,SO,), chlo-
ride (CI7). The total saturated metal ion concentration was
maintained at 0.38 M while the citrate concentration was
0.31 M.

Tripolar plating system was used in this experiment, the
reference electrodes are Calomel electrode and Ag/AgCl
electrode relative to S. H. E is 0.197 V, the auxiliary elec-
trode is a thin slice of 99.99% pure platinum electrode with
the dimensions of 1 x4 cm?, and the working electrode is Al
electrode coated on the Al,O; substrate. A plating solution
was also used to conduct cyclic voltammetry (Potentiostat/
Galvanostat PGSTAT302 N produced by Metrohm Autolab
B.V.). As shown in Table 1, electrolyte compositions of Cu/
Ni ratio for co-electroplating was varied from 99/01, 97/03
to 90/10 pH was kept at 1.5 and the scanning range was from
Oto—1.5Vat5mVs"

We co-electroplated Cu and Ni onto the specimens in
the electrolytic solution with different molar ratios of Ni to
Cu ions. All the electroplating experiments were performed
at solution temperature of 50 °C. The co-electrodeposition
specimens were placed sequentially in the tube furnace for
annealing in an atmosphere of inert gas and N, at different
temperatures. The electrical properties, such as the resist-
ance and temperature coefficient of resistance, of the Ni-Cu
co-electrodeposition samples after annealing were measured
with a four-point probe from JANDEL RM3000. A micro-
structure examination and phase identification of the Cu—Ni
co-electrodeposition specimens before/after annealing were
analyzed using XRD, SEM, and TEM, respectively.
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Fig. 1 Schematic diagram of the experiment procedures

Table 1 Electrolyte compositions for co-electroplating

Ni: Cu (molar ratio) 99:1 (g) 97:3 (g) 90:10 (g)
CuSO,-5H,0, 0.476 1.426 4.760
NiSO4-6H,0y, 49.470 48.470 44.970
CeH;sNa;0,-2H,0 45.520 45.520 45.520

3 Results and discussion
3.1 Cyclic voltammetry

The scan rate of the cyclic voltammograms with differ-
ent proportions of NiSO, and CuSiO, varied from 99/01,
97/03 and 90/10 at 5 mV/s from the positive potential(0 V)
to the negative potential (— 1.5 V). As shown in Fig. 2, the
forward scan produced a current peak for the species in
solution that could be reduced or oxidized depending on
the initial scan direction through the range of the potential
scanned. The current increases as the potential reaches
the reduction potential of the species in solution but then
falls off as the concentration of the species in solution is
depleted close to the surface of the working electrode.
According to these curves, they can basically be divided

N = |
5o~-=u |l

C—I1— 1
—]

clectrolvte

into two regions. In the potential region between — 0.40
and — 0.85 (vs. Ag/AgCl), called region (I), there appeared
to be a current increase with more Cu content in the differ-
ent electrolytes. This means that the copper—citrate com-
plex in the solution obtained electrons, which could be
attributed to the formation of the deposited Cu layer. Ni
electrodeposition is controlled by charge transfer, while Cu
electrodeposition is controlled by the diffusion of Cu ions
[8]. In addition, there seems to be the start of another elec-
trode reaction at — 0.85 V (vs. Ag/AgCl), the reduction of
Ni. The curves achieve the limiting current at —1.30 V (vs.
Ag/AgCl), and this limitation is mainly related to the mass
transport of nickel ions [9]. The potential between — 0.80
and — 1.30 V (vs. Ag/AgCl) is proposed for our studies.

3.2 Analysis of Cu-Ni co-electrodeposition film
at-0.9V (vs Ag/Ag/Cl)

To co-electroplate Cu—Ni alloys on the surface of the speci-
mens simultaneously, we set the electrode potential constant
at —0.9 Vand — 1.3 V (vs. Ag/AgCl), which, according to
CV curves shown in Fig. 2, were more negative than the
reduction potential of Cu (+0.34 V) and Ni (—0.23 V).
Since the electrochemical reaction at the working elec-
trode is very complicated, as mentioned earlier, since the

@ Springer



538

Journal of Applied Electrochemistry (2020) 50:535-547
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reduction of hydrogen ions from the dissociation of hydro-
genated citrate ion, oxygen reduction, Cu deposition, Ni
deposition, and reduction of water lead to differences in the
appearance of Cu—Ni in electrolytic solutions with various
molar ratios. That is, the concurrent electrodeposition of Cu
and Ni are not independent; a displacement reaction occurs
between deposited nickel metal and copper ion in solution.
This implies that the color of specimens electroplated in the
electrolyte with more Cu content becomes darker, as shown
in Fig. 3. The color is a matted silver, dark yellowish-green,
or reddish brown, as shown in Fig. 3a—c.

The atomic percentage of the deposited coatings was
determined using energy-dispersive spectroscopy (EDS).
The results are shown in Fig. 4. We observed that with more
Cu content in the electrolyte, there were more Cu atoms
deposited on the surface of the specimens under potentio-
static conditions. In addition, according to the results, the
atomic percent of Cu to Ni close to 1:1, which is known as a
“constantan,” occurred when the specimen electroplated in
the electrolyte had a molar ratio of Ni to Cu of 97:3.

Fig.3 Appearance of Cu—Ni

in the different electrolyte at
—0.9V (vs. Ag/AgCl). 180 min,
molar ratio is a Ni:Cu=99:1, b
Ni:Cu=97:3, ¢ Ni:Cu=90:10
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In this study, secondary electron (SE) images using a
scanning electron microscope (SEM) were obtained to
reveal the surface microstructure morphology. As can be
seen in Fig. 5, when more Cu atoms were deposited, there
were more small clusters growing on the surface, and the
shape of microstructure was more like cauliflower.

Figure 6 shows a comparison of the XRD patterns of
Cu-Ni in the electrolyte with various ratios of Ni to Cu.
It can be observed that there were peaks of Cu and Ni for
the specimens in the electrolytic solution with ratios of
Ni to Cu of 99:1 and 97:3, respectively. In addition, it can
be seen that the peaks of Ni shifted slightly to the peaks
of Cu because of more Cu content in the deposited film.
However, there were only Cu peaks in the electrolyte solu-
tion with a ratio of Cu to Ni of 90:10 because the atomic
proportion of Ni to Cu in the deposited layers was 8.66
to 91:34, in contrast to the other results shown in Fig. 4.
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Fig.5 Microstructure of Cu—Ni
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3.3 Analysis of co-electrodeposition of Cu—Ni film
at—1.3V (vs. Ag/Ag/Cl)

It took approximately 3 h to co-deposit CuNi film with a
thickness of 10 pm at —0.9 V (vs. Ag/AgCl). Hence, to
shorten the co-deposition time, we applied the output poten-
tial constant at — 1.3 V (vs. Ag/AgCl).

The color of the specimens with less Ni content electro-
plated in the electrolyte became darker, as shown in Fig. 7.
The color gradually became a dark yellowish-green from the
silver, as shown in Fig. 7a—c. Compared with the appearance
of the specimens shown in Fig. 3a, b, the corresponding
colors in Fig. 7a, b are much brighter. However, the color
in Fig. 7c can be clearly distinguished from that in Fig. 3c.

The atomic percentage of the deposit in the electro-
lyte with various molar ratios is shown in Fig. 8. It was

Fig.7 Appearance of Cu-Ni
in the different electrolyte at
—1.3 V (vs. Ag/AgCl). 20 min,
molar ratio is a Ni:Cu=99:1, b
Ni:Cu=97:3, ¢ Ni:Cu=90:10

determined that the atomic percentage of Cu to Ni close to
one was the specimen electroplated in the electrolyte with
a molar ratio of Ni to Cu of 90:10. The results were differ-
ent from those found at —0.9 V (vs. Ag/AgCl), as shown
in Fig. 8.

Owing to a higher electrode potential, the corresponding
current passing the circuit increased to 45-50 mA. As men-
tioned above, the current may affect the growth mechanism
of the deposited layer, which leads to the crystal growing
to a larger spherical cluster of grains, as shown in Fig. 9
compared with those shown in Fig. 5. While more Cu atoms
deposited on the substrates, there were also lots of small
spherical grains on the top surface, more like pop-corn.

Figure 10 provides a comparison of the XRD pattern of
the Cu—Ni in the electrolyte with various ratios of Cu to Ni.
It can be clearly observed that there were peaks of Cu and

— ==

Fig. 8 Atomic percent of Cu—Ni
in the different electrolyte at
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Fig.9 Microstructure of Cu—Ni
in the different electrolyte at

— 1.3V (vs. Ag/AgCl). 20 min,
molar ratio is a Ni:Cu=99:1, b
Ni:Cu=97:3, ¢ Ni:Cu=90:10
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Fig. 10 XRD pattern of Cu-Ni Cu Cu
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Ni in the Cu to Ni electrolytic solution. In addition, it can
also be seen the peaks of Ni slightly shifted to the Cu peaks
with more Cu content in the electrolytic solution. This was
because the atomic percentages of Ni to Cu for the deposited
layer were different, as shown in Fig. 6. A comprehensive
comparison of the two XRD results in the electrolytic solu-
tion with a ratio of Cu to Ni of 90:10 at —0.9 V (vs. Ag/
AgCl) and at — 1.3 V (vs. Ag/AgCl) shows that there were
only peaks of Cu when electroplating at —0.9 V (vs. Ag/
AgCl), but there were peaks of both Cu and Ni when elec-
troplating at — 1.3 V (vs. Ag/AgCl).

3.4 Measurement of resistance and thickness
for the co-electrodeposited Cu-i film

Figure 11 shows that the surface coverage of the deposited
layer became denser with increases in the electroplating time
and increases in the ratio of Cu to Ni in the electrolytic solu-
tion. This result was associated with the higher deposition
rate of Cu as compared to Ni.

Figure 12 shows a cross-section of specimens co-elec-
troplated at the constant — 1.3 V (vs. Ag/AgCl). It can be
clearly seen that a uniform, continuous co-deposited Cu—Ni
film was obtained and that the thickness of the deposited
film increased with increases in the plating time. The top
layer of the Cu—Ni film used as the resistive layer obtained
by co-plating is denser than that of the bottom layer of the Al
film as the seed layer obtained from thick film firing.

Figure 13 shows the relationship between thickness and
resistance as function of co-deposition time, where it can
be seen that the thickness of the film linearly increased with

20 (°)

increases in the co-depositing time for three kinds of elec-
trolytes with different ratios of Ni to Cu. It took 10 min to
deposit a layer of around 5 pm. Each deposited layer grew
over 20 pm during 40 min of electroplating. However, the
thickness of film is increased with increases in the propor-
tion of Cu in the electrolyte at — 1.3 V (vs. Ag/AgCl) with
the same co-depositing time. This result was attributed to the
high deposition rate of Cu in the electrolyte.

As shown in Fig. 13, the thickness of co-deposited film
at — 1.3 V (vs. Ag/AgCl) for 20 min in the electrolyte with
ratios of Ni to Cu of 99:1, 97:3, and 90:10 were 7 um,
9 pm and 11 pm, respectively. Deposition rates of NI/Cu
at concentration ratio of 99/01, 97/03, 90/10 at — 1.3 V are
0.53, 0.58, 0.66 pm/min. In addition, it was found that the
resistance of co-deposited film at — 1.3 V (vs. Ag/AgCl)
for 20 min in the electrolyte with ratios of Ni to Cu of 99:1,
97:3, and 90:10 was 56 mQ, 103 m€2, and 151 m€Q, respec-
tively. It is worth noting that the thicker co-deposited film
in the electrolyte with different ratios of Ni to Cu exhibited
higher resistance in terms of the co-deposited film. Theoreti-
cally, resistance is inversely proportional to thickness of film
[10]. However, Fig. 13 shows the relationship between film
thickness and resistance, where it appears that the difference
in resistance was not only due to the thickness of film but
was also due to other factors.

The formula for sheet resistance is shown as follows:

Rs = p/1,

where Rs is the sheet resistance; p is the resistivity, and 7 is
thickness.

@ Springer
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Fig.11 SEM top view images of Cu-Ni under various experiment conditions at —1.3 V Ni:Cu=99:1, a 10 min, b 20 min, ¢ 40 min,
Ni:Cu=97:3, d 10 min, e 20 min, f 40 min, Ni:Cu=90:10, g 10 min, h 20 min, i 40 min

Based on the above formula, the resistivity of the co-
deposited film at — 1.3 V (vs. Ag/AgCl) for 20 min in the
electrolyte with ratios of Ni to Cu of 99:1, 97:3 and 90:10
was 3.92 x 107" mQ, 9.27 x 1077 mQ and 16.61 x 107’
mQ, respectively. Thus, an electrolyte with a high ratio of
Ni to Cu exhibits high resistivity in the co-deposited film.
The total resistivity is the sum of the contributions from
thermal vibrations, impurities, and plastic deformation.
Therefore, the proportion of the atomic percent of Cu to Ni
in the film is a key to determining the resistivity of materi-
als and the resistance of film. The resistivity was shown to
reach a maximum when the ratio of two components in the
alloy is close to one [11]. Thus, the resistivity increased
with increases in the proportion of the atomic percent of
Cu in the CuNi alloy before reaching a ratio close to one.
The composition of the co-deposited alloy filmat — 1.3 V
(vs. Ag/AgCl) for 20 min in the electrolyte with the ratio
of Ni to Cu of 99:1, 97:3 and 90:10 was 98:2, 82:18, and
61:39. Obviously, the resistivity of the co-deposited Cu—Ni
alloy film increased with increases in the molar ratio of Cu
to Ni in the Cu—Ni alloy.

@ Springer

3.5 Effect of annealing on phase formation
and crystallization

To obtain Cu-Ni alloys with a low TCR, two parameters
were chosen that could make the Cu to Ni ratio of the
deposited layer close to 1 as well as the same thickness
for the purposes of an annealing treatment, the first of
which was the specimen in the electrolyte with a ratio
of Ni to Cu of 90:10 electroplated for 20 min at — 1.3 V
(vs. Ag/AgCl).

To obtain complete Cu—Ni alloys with a low-TCR charac-
teristic, we chose the specimen in the electrolyte with a ratio
of Ni to Cu of 90:10 electroplated for 20 min at — 1.3 V (vs.
Ag/AgCl) to make the Cu to Ni of the deposited layer close
to 1 using high-temperature annealing in an N, atmosphere.

Figure 14 provides photographs of the specimens pre-
pared after annealing. The specimen was annealed for
30 min at 700 °C, 800 °C, and 900 °C from the left to the
right, respectively. Comparing the results shown in Fig. 14
with the corresponding specimen before annealing shown
in Fig. 7, it can be clearly observed that the color turns
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Fig. 12 SEM cross-section images of Cu—Ni under various experiment conditions at —1.3 V Ni:Cu=99:1, a, 10 min b 20 min, ¢ 40 min,
Ni:Cu=97:3, d 10 min, e 20 min, f 40 min, Ni:Cu=90:10, g 10 min, h 20 min, i 40 min

from khaki into silver after annealing at a high tempera-
ture. Figure 15 shows the top view of the SEM images of
the specimen in the electrolyte with a ratio of Ni to Cu of
90:10 electroplated for 20 min at — 1.3 V (vs. Ag/AgCl)
after annealing. It can be observed that the grains in the
cluster of the deposited layer become larger and smoother
with increases in the annealing temperature. This is probably
because the grains pass through recovery, recrystallization,
and grain growth behavior while heating up to the critical
temperature and then cooling in the furnace to form ordered
alloys, which is a change in the crystal orientation. This
treatment can also restore the mechanical properties of a
material.

Figure 16 shows a cross-section of the SEM images and
EDS mapping results for the specimen in the electrolyte
with a ratio of Ni to Cu of 90:10 electroplated for 20 min
at — 1.3 V (vs. Ag/AgCl) after annealing at 700, 800, and
900 °C, respectively. Based on the SEM images, it was
determined that the Ni atoms and Cu atoms randomly dis-
tributed in the deposited layer.

Figure 17 shows a series of XRD patterns of the speci-
men in the electrolyte with a ratio of Ni to Cu of 90:10
electroplated for 3 h at — 1.3 V (vs. Ag/AgCl) after anneal-
ing at different temperatures. The XRD peaks of CusNis,
in the JCPD database were used for comparison to deter-
mine at which annealing temperature the ordered alloys
were formed. It was found that the patterns of the specimens
after annealing, as shown in Fig. 17, were close to the stand-
ard peaks of CusNis at all of the annealing temperatures
and that the crystalline structure of the Cu—Ni alloy was
enhanced with increases in the annealing temperature [12].

Figure 18, 19 provides a microstructure examination of
the specimen in the electrolyte with a ratio of Ni to Cu of
90:10 electroplated for 20 min at — 1.3 V (vs. Ag/AgCl) after
annealing at 900 °C using TEM. Clearly, Fig. 18 shows per-
fect crystallization after annealing. Figure 19 is the selected
area electron diffraction (SAED) pattern corresponding to
Fig. 18. It shows that the specimen in the electrolyte with a
ratio of Ni to Cu of 90:10 electroplated for 20 min at — 1.3 V
(vs. Ag/AgCl) after annealing at 900 °C is a single phase of

@ Springer
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Fig. 14 Appearance of Cu-Ni
at — 1.3 V (vs. Ag/AgCl) after
annealing. a 700 °C, b 800 °C
and ¢ 900 °C

Fig. 15 SEM images of microstructure at — 1.3 V (vs. Ag/AgCl) after annealing. a 700 °C, b 800 °C and ¢ 900 °C
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Fig. 16 SEM images of cross-section at — 1.3 V (vs. Ag/AgCl) after annealing. a 700 °C, b 800 °C and ¢ 900 °C

Fig. 17 A series of XRD pattern CugNis,  CugyNis
at —1.3 V (vs. Ag/AgCl) after | = | 5
annealing P Q

CuNisg
|

(220)

AL

Intensity

40

the Cu—Ni alloy. Each spot corresponds to the diffraction
condition of the crystal structure. We measured the distance
between a selected spot and a fixed spot using a scale bar
(d-spacing). One was 1.81 A, and the other was 1.11 A,
These two d-spacing measurements separately corresponded
to the crystal plane (200) and (311) results in the lattice
constant 3.62 10%, the FCC structure of the Cu—Ni alloy [13].

3.6 Measurement of electrical properties
for co-electrodeposited and annealed Cu-Ni
alloy film

The temperature coefficient of resistant (TCR) can be calcu-
lated from the formula shown below:

TCR (ppm/°C) = [(Rys5 = Ras) / Ras|/ (155 = 25)) x 107°,

-
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where R, 55 is the resistance measured at 155 °C, and R, is
the resistance measured at 25 °C, which is room temperature.

Figure 20 shows the relationship between the resist-
ance and TCR of the specimen in the electrolyte with
a ratio of Ni to Cu of 90:10 electroplated for 20 min at
— 1.3 V (vs. Ag/AgCl) for different annealing tempera-
ture. We observe that the resistance increased gradually
with increases in the annealing temperature because of
the increasing entropy of the Cu—Ni alloy. On the con-
trary, the TCR decreased gradually with increases in the
annealing temperature as a result of a formation of Cu—Ni
alloys phase, as mentioned in previous studies [14]. The
Cu atoms and Ni atoms in the deposited layer rearranged
to form a strong bond with each other through high tem-
perature annealing. In addition, it was found that the TCR
of the specimen in the electrolyte with a ratio of Ni to
Cu of 90:10 electroplated for 20 min at — 1.3 V (vs. Ag/
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Fig. 18 TEM image of Cu-Ni at —1.3 V (vs. Ag/AgCl) after anneal-
ing at 900 °C

AgCl) after annealing at 900 °C was around 50 ppm/ °C.
There may have been electron scattering due to disloca-
tion and other crystal defects, as well as from the grain
boundaries. All of these scattering processes add to the
resistivity of a metal, just as in the scattering process
resulting from impurities. We can, therefore, write the
effective resistivity of a metal as.

Fig.20 Resistance and TCR as
function of annealing tempera- 500

ture at — 1.3 V (vs. Ag/AgCl) [
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Fig. 19 SAED pattern of Cu-Ni at —1.3 V (vs. Ag/AgCl) after
annealing at 900 °C

p=pT+pIs

where p; is due to the scattering of electrons by impurities,
which is only slightly temperature-dependent [15]. In an
isomorphous alloy of two metals, that is, a binary alloy of
Cu-Ni that forms a solid solution, the temperature-independ-
ent impurity contribution p; increases with the concentration
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of solute atoms. This means that as the Ni alloy concentra-
tion increases, the degree of disorder increases, and resistiv-
ity p increases and becomes less temperature-dependent as
pp overwhelms pp [16].

4 Conclusion

1. In this study, we have successfully demonstrated that a
high-crystalline Cu—Ni alloy reflecting very low TCR
performance can be achieved by co-electrodeposition
and annealing at a relatively low temperature of 900 °C
for 30 min.

2. A electrodeposition of Cu—Ni alloy film with an atomic
percent of Cu to Ni close to 1:1 and thickness of 9 pm
exhibited a resistance of 103.5 mQ and a TCR of
1631.9 ppm/°C was obtained. The crystallization of
Cu—Ni alloys after co-electrodeposition at 50 °C is not
good enough and further annealing is necessary.

3. With increases in the annealing temperature, the
resistance of the sample with co-electrodeposition is
gradually increased, but TCR of sample is gradually
decreased. The samples annealed at 900 °C for 30 min
exhibited very promising electrical properties, includ-
ing a low TCR of 51.5 ppm/°C and a resistance of
478.7 mQ2, corresponding to a perfect single crystal of
Cu—Ni alloy with an FCC structure and lattice constant
of 3.62 A, based on examination using XRD and TEM.
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