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Ni–Cr (80/20 at.%) alloy was deposited on the copper foil substrate by DC magnetron sputtering process.
Taguchi method was applied to optimize the deposition parameters including sputtering power, substrate
temperature, and argon pressure. Sputtering power was found to be the most prominent factor that
influenced the electrical properties of Ni–Cr alloy film by employing the range analysis. Embedded thin
film resistor (ETFR) with a high resistivity of 6.69×10−4 Ω.cm and a low temperature coefficient of resis-
tance of 374.78 ppm/K was obtained under the optimized deposition conditions. A feasible way was demon-
strated to fabricate high-quality Ni–Cr alloy on copper foil as ETFR materials.
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1. Introduction

With theminiaturization of electronic products, the integration den-
sity of passive components (PCS) is reaching its limit on the printed cir-
cuit board (PCB). One promising solution is to integrate PCS into PCB,
which can save at least 40% space of PCB compared with the traditional
surfacemounted technique (SMT) and also yield amore reliable PCB by
reducing the number of solder joints [1]. Embedded thin film resistor
(ETFR), one of the PCS, can bemade by sandwiching the thin film resis-
tor between the copper foil and dielectric layer, and being pressed into
PCB after etching. ETFR possesses manymerits including good electrical
performance, low cost andminiaturized packaging size, etc. [1,2]. Ni–Cr
(80/20 at.%) alloy is usually used as ETFR materials due to its high reli-
ability, high electrical resistivity and small temperature coefficient of
resistance (TCR) [3–5]. The most common method is DC magnetron
sputtering to fabricate Ni–Cr alloy thin film [6]. Ni–Cr alloy based on
the substrates such as glass, silicon, ceramic and stainless steel has
been widely used as sensor or chip resistor for common integrated cir-
cuit [4,7–10]. However, few studies have been reported about deposit-
ing Ni–Cr alloy on copper foil as ETFR materials. It should be noted
that copper foil as a substrate plays an important role in 3D electronics
packaging technology since it can be used as both multilayer core
boards and electrode. Therefore it is necessary to investigate the process
condition for the deposition of Ni–Cr alloy on copper foil.

In this work, the Taguchi design method was used to optimize the
parameters of depositingNi–Cr alloy on copper foil [11–13]. Orthogonal
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experiment scheme (L9 (34)) was designed and three critical parame-
ters were taken into account: sputtering power, argon pressure and
substrate temperature. The best combination of deposition parameters
was found by using the range analysis. The properties of ETFRwere also
evaluated.
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2. Experimental

2.1. Materials and methods

Ni–Cr (80/20 at.%) alloy (99.99% purity) was used as target for
sputtering. High purity Ar (99.999% purity) was introduced as the
sputtering gas. Very low profile (VLP) electrolytic copper foil (18 μm
thickness) was selected as substrate. To achieve good adhesion and
large sheet resistance, the Ni–Cr thin films was deposited on matte side
of copper foil by DC magnetron sputtering. Before sputtering, copper
foil and float glass were ultrasonically cleaned in sequence by acetone,
alcohol and deionized water, with 10 min for each step, respectively.
The clean copper foil and float glass were transferred into the sputtering
chamber after completely flowed dry by nitrogen gun. The gas flowwas
80 sccm and the base pressure was 8.5×10−4 Pa. The sputtered time
was set at 4 min. Before deposition, the alloy target was pre-sputtered
for about 10 min to remove contaminants from the surface. After
sputtering, the copper foil coated with Ni–Cr alloy was fixed on the
core board by the epoxy of 106 prepreg (PP). 106 PP is a semi-curing
sheet and becomes adhesive under the high temperature. The ETFR
was obtained after brown oxidation, etching and laminating of the core
boards [14].
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Table 2
Orthogonal design and experiment results.

Exp. no. Control factors Thickness
(nm)

Resistivity
(10−4 Ω.cm)

TCR
(ppm/K)

A B C

1 A1 B1 C1 51.44 32.70 2546.11
2 A1 B2 C2 66.36 34.19 3572.90
3 A1 B3 C3 44.21 16.15 2254.85
4 A2 B1 C2 45.24 8.85 1013.28
5 A2 B2 C3 77.38 8.98 601.44
6 A2 B3 C1 56.33 10.88 2917.18
7 A3 B1 C3 101.14 4.27 2414.85
8 A3 B2 C1 107.21 6.68 1420.72
9 A3 B3 C2 162.61 6.69 374.78

Table 3
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An orthogonal scheme (L9 (34)) was carefully designed to orga-
nize the film depositions. Values of three typical control parameters,
including sputtering power, argon pressure and substrate tempera-
ture, were determined through the orthogonal array. In order to ana-
lyze the thermal stability of ETFR, the ETFR was rapidly heated to
250 °C at a rate of 40 °C/min, then gradually cooled down at a rate
of 20 °C/min by the detection probing station (HFSE-PB4). The sheet
resistance of ETFR was measured using a digital source meter
(Keithley 2410) with the step of 10 °C in the cooling process. The
film thickness was determined by a calibrated surface profiler
(Model XP-1). The microstructure and internal stress of ETFR were
analyzed by XRD (X'pert PRO, NL). The surface morphology of ETFR
materials was examined by AFM (CSPM5000) and SEM (Hitachi
S-4800). The surface chemical state of ETFR material was investigated
by XPS (ULVAC-PHI 1800) using a 1486.6 eV Al kα source, all binding
energy values were compensated to C 1s (284.5 eV), the sputter rate
is 8.0 nm min−1 for depth profiling by SiO2 as the scale of standard
sample and argon gas as the sputtering gas. The elemental concentra-
tions of ETFR materials were detected by EDS (EMAX250).

2.2. The calculation of relevant parameters

Resistivity (ρ) is calculated from ρ=Rs×d, where Rs is the sheet
resistance and d is the film thickness. The thickness d of Ni–Cr alloy
on the top of copper foil was determined by the alloy thickness on
the top of float glass since the copper foil was too soft. The TCR is

defined as TCR ¼ Rt−Rt0ð Þ
Rt0 t−t0ð Þ � 106 ppm=Kð Þ, where Rt0 and Rt are the

sheet resistance of ETFR measured at the temperature of t0 (room
temperature) and t, respectively, and the mean value of TCR was
regarded as the final result.

The crystallite sizewas estimated by theDebye–Scherrer formula (1).
The stress vertical film surface is calculated by formula (2) [15]:

Lhkl ¼
kλkα1

β1 cosθ
ð1Þ

σ ¼ Ef
2νf

d0−d
d0

ð2Þ

where Lhkl is the crystallite size, K is the correction factor (0.89), λkα1 is
the X-ray wavelength (0.15406 nm), β1 is the FWHM value, θ is the
Bragg diffraction angle. σ is the stress, d0 and d are the interplanar dis-
tance with or without stress, respectively. Ef is Young's modulus and νf
is Poisson's ratio.

3. Results and discussion

3.1. Range analysis of sputtering parameters

Table 1 lists the three factors and their corresponding three differ-
ent levels investigated in this work. Nine groups of experiments were
carried out with varied levels of the three factors which were sched-
uled in Table 2. The resistivity and TCR of the ETFR are also indicated
in Table 2. The range analysis values were presented in Table 3. Rj is
defined as: Rj=max{|K1j−K2j|,|K2j−K3j|,|K3j−K1j|}. Kij is the mean
value about the corresponding index of j column factor and i level,
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Table 1
Sputtering factors and the corresponding levels in this experiment.

A B C

Sputtering power (W) Argon pressure (Pa) Temperature (°C)

Level 1 112 0.55 25
Level 2 200 0.65 100
Level 3 405 0.85 200
for example, KiA is defined as: K1A ¼ 1
3 ∑
Ai¼A1

Aið Þ. Theoretically, the Rj

value reflects the impact of the corresponding factor on the film prop-
erties. The impact degree will be larger as the Rj is greater. As shown
in Table 3, the sputtering power is the factor that mostly affects the
resistivity and TCR, while the argon pressure is the minimal impact
factor. On the other hand, the Kij value has the same change trends
with the corresponding resistivity and TCR. As shown in the first
row of Table 3, K1A is the greatest in KiA, so A1 will be selected for
the highest resistivity among A1, A2 and A3. Similarly, K2B and K1C

are the greatest in KiB and KiC, respectively, so B2 and C1 will be
selected for the highest resistivity. Therefore, the combination for
the highest resistivity is A1B2C1. The level generating the smallest Kij

value in the last 3 rows of Table 3 are the combination for the smallest
value of TCR. Therefore, the preliminary predicted optimum combina-
tion of the three sputtering parameters is A3B3C2 for the smallest TCR.

However, it was hard for a Ni–Cr film to attain both the highest
resistivity and the lowest value of TCR simultaneously in the theoret-
ical analysis and experiment. Since the resistance stability is more
important, the optimum combination of the three sputtering param-
eters should be chosen as A3B3C2, i.e., the combination of the smallest
value of TCR, the Group 9 in Table 2. The corresponding parameters
are: sputtering power of 405 W, argon pressure of 0.85 Pa and sub-
strate temperature of 100 °C.

Fig. 1(a) shows the resistivity variation with different sputtering
factors. The change trends of film resistivity and sputtering power
were the opposite. The variation slope of resistivity of the Ni–Cr
film for A1→A2 was much larger than the one for A2→A3, although
the increase of the sputtering power in the former case (from 112 to
200 W) was smaller than the latter one (from 200 to 405 W). This
phenomenon was related to the film thickness which usually
decreased with the sputtering power and could be explained by the
Sondheimer theory [16]: as the film thickness is greater than the
mean free path of an electron, the relationship between resistivity
and film thickness can be described as ρ ¼ ρB 1þ 3λ

8t

� �
, where ρB is

the bulk resistivity, λ is the mean free path of an electron, and t is
the thickness of film. It can be seen from the formula that the change
of resistivity ρ exhibits an opposite trend with the film thickness t.
When t is small enough, ρ increases rapidly with the t reduction. In
addition, other factors such as residual stress can also influence the
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Analysis of range and optimal parameters.

Factors Kij Rj Optimal parameters

K1j K2j K3j

A 27.68 9.57 5.88 21.81 A1

B 15.27 16.62 11.24 5.38 B2

C 16.75 16.58 9.80 6.96 C1

A 2791.29 1510.63 1403.45 1387.84 A3

B 1991.41 1865.02 1848.94 142.47 B3

C 2294.67 1653.65 1757.05 641.02 C2
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Fig. 1. Influence of sputtering parameters on Ni–Cr ETFR's electrical properties:
(a) Resistivity, (b) TCR.

Fig. 2. XRD patterns of Ni–Cr ETFR samples.
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resistivity. It was found that there was an optimal argon pressure in
B2 for the sputtering. Too high pressure could increase the discharge
current and aggravate the backscattering effect, while too low pres-
sure could influence the plasma generation [17]. As for the influence
of substrate temperature, it was indicated that the resistivity had
opposite changes with substrate temperature from C1 to C3. According
to Mattiessen's formula [18]: ρT=ρTh+ρI+ρD, where ρT is total resis-
tivity of the film. ρTh, ρI and ρD are the thermal, impurity and defect
resistivity, respectively. ρI could be neglected here since we used high
pure NiCr alloy. The resistivity of films deposited in the temperature
range of 25–200 °C should be affected by defect scattering during carri-
er movement, thus the resistivity decreased with the increasing tem-
perature [19].

Fig. 1(b) shows the trend of TCR variation with different sputtering
factors. The TCR of A3 was the smallest among the factors. TCR
decreased first quickly and then slowly, when the sputtering power
increased from A1 to A2, and then to A3. Too low sputtering power
would make the film structure loose and cause the lattice defects,
resulting in unstable resistance and large TCR. Too large sputtering
power would increase film stress, also resulting in large TCR. Argon
pressure can affect the energy of sputtered metal atom, and influence
the formation of crystal nucleus. As seen from the figure, TCR decreased
slowly when argon pressure increased from B1 to B3. The smallest TCR
was attained under the argon pressure of 0.85 Pa, i.e. B3. Substrate tem-
perature had a significant effect on TCR. The lower substrate tempera-
ture (C1) caused more defects and the higher temperature (C3) led to
larger residual stress. The TCR was the smallest at 100 °C, i.e. C2.

3.2. Microstructure and residual stress

Three groups of ETFR in Table 2 were selected for XRD testing
according to their different TCR, including samples 2, 5 and 9. The
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diffraction peaks of Ni (011), Ni (002), Cr (110) and Cr (200) are
observed in Fig. 2. Ni (011) peak and Cr (110) peak were almost coinci-
dent, and main strong peaks should be both combined peaks. Sample 5
was the strongest intensity peak, which suggested that a high substrate
temperature benefited the crystallization of metal atoms. From the
Ni–Cr alloy phase diagram [20], it is known that there was mainly a
Ni single-phase solid solution when the Cr concentration was 20%
and the temperature was less than 1200 °C, so the Ni–Cr intermetal-
lic compound did not exist. The broad diffraction peak suggests that
the Ni–Cr thin film was composed of a crystalline one and an amor-
phous one. Table 4 shows the grain sizes of three samples along Ni
(011). The grain size of sample 2 was the smallest. According to the
general characteristics of metal and alloy, the grain boundary
would be bigger as the grain is smaller [21,22]. The resistivity
would enhance as the charge carrier scattering at grain boundary
increases. The stress of samples along Ni (011) is also presented in
Table 4, all of them are tensile stress. The stress of sample 2 was
the largest, while sample 9 was the smallest. The resistivity of thin
film increased with the increase of residual stress since the gathering
strain energy could reinforce the grain boundary distortion [23,24].
In addition, thin film with large stress is easy to break which leads
to an unstable resistance, i.e. high TCR. Sample 2 exhibited the
smallest crystal grain and the strongest stress, thus its resistivity
and TCR were the biggest. While the grain size of sample 9 was
smaller than sample 5, but its stress was the smallest among them,
so it possessed the lowest TCR among the three samples. Therefore
the XRD results proved that Group 9 was the optimal parameter.

m.cn

3.3. Surface morphology

Fig. 3 displays the three-dimensional AFM image of samples 2, 5 and 9
in a scanning area of 20 μm×20 μm. The surfacemorphology of the sam-
pleswas different. The surface particles of sample 2were obviously incon-
sistent. The grain average diameters of samples 2, 5 and 9 were 650 nm,
510 nm and 989 nm, respectively. The surface root-mean-square (RMS)
roughness of samples 2, 5 and 9 were about 161 nm, 178 nm and
113 nm, respectively. The particles of sample 9 were arranged closely
due to the large particles and low surface roughness.

SEM surface images of samples 2, 5 and 9 are shown in Fig. 4(a),
(b) and (c), respectively. It could be observed from Fig. 4 that the
gaps between the particles of sample 2 were the largest compared
to these of samples 5 and 9. Fig. 4(b) shows a more uniform particle
size of sample 5, indicating its good crystallinity, which was consis-
tent with the XRD analysis in Fig. 2. Fig. 4(c) shows that the combina-
tion of particles of sample 9 was the most close, indicating that the
defects of sample 9 were less, thus it exhibited more stable electrical
properties among the three samples.

m.c
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Table 4
The XRD patterns of the chosen Ni–Cr ETFR samples (Ni (0 1 1) peak).

No. h k l d(×10−1 nm) 2θ
(°)

Δd
(nm)

FWHM
(°)

Crystallite size
(nm)

Stress
(MPa)

2 0 1 1 2.0311 44.574 0.0023 0.327 25.9 386.4
5 0 1 1 2.0317 44.559 0.0017 0.189 44.9 285.9
9 0 1 1 2.0319 44.556 0.0015 0.305 27.8 252.2
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3.4. Electrical properties

Fig. 5(a) shows the temperature dependence of sheet resistance of
samples 2, 5 and 9 from room temperature to 250 °C. The sheet resis-
tance of sample 2 was the largest among the three samples, but there
were some fluctuations in sample 2 at different temperatures. The
sheet resistances of samples 9 and 5 decreased slightly as the temper-
ature dropped, reflecting the thermal property of metal. The variation
of the TCR of samples 2, 5 and 9 with temperature is presented in
Fig. 5(b). The TCR of sample 9 became stable when the temperature
was higher than 50 °C while the TCR of sample 2 showed a large fluc-
tuation, especially when the test temperature was below 80 °C. Com-
pared with sample 9, the TCR of sample 5 was unstable between 50 °C
and 100 °C. Fig. 5(c) shows the temperature dependence of the TCR of
the nine groups of samples in the orthogonal experiment scheme, and
the TCR of sample 9 has the smallest fluctuation among them. There-
fore, sample 9 had the best electrical property.
Fig. 3. AFM images of Ni–Cr ETFR materials: (a) sample 2, (b) sample 5, (c) sample 9.

Fig. 4. SEM surface images of Ni–Cr ETFRmaterials: (a) sample 2, (b) sample 5, (c) sample 9.www.sp
m.co
In order to further testify the temperature dependence of the TCR
of the optimized Ni–Cr ETFR, the temperature range was chosen to be
−50 °C to 250 °C. Fig. 6 presents the temperature dependence of the
TCR under optimal sputtering conditions by changing sputtering
power, argon pressure and substrate temperature, respectively. Only
the sputtering power changed under optimal sputtering condition is
shown in Fig. 6(a). The sputtering power was selected at 80 W,
202 W, 405 W and 600 W, respectively. It is found that the fluctua-
tion of TCR was large, whether at a low power 80 W or at a high
power 600 W. The TCR at sputtering power of 405 W was the
smallest among them. Only the argon pressure changed under the
optimal sputtering condition is shown in Fig. 6(b). The argon pressure

image of Fig.�3
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Fig. 5. The temperature dependence of the sheet resistor and the TCR of samples 2, 5 and 9:
(a) sheet resistor, (b) TCR, (c) TCR of nine groups samples in the orthogonal array.

Fig. 6. The temperature dependence of the TCR under optimal sputtering condition:
(a) sputtering power, (b) argon pressure, (c) substrate temperature.
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selected was 0.56 Pa, 0.70 Pa, 0.85 Pa and 1.0 Pa, respectively. It is
found that the fluctuation of TCR is large in 0.56 Pa and 0.7 Pa. The
TCR in 0.85 Pa argon pressure was the smallest among them. Only
the substrate temperature changed under the optimal sputtering con-
dition is shown in Fig. 6(c). The substrate temperature was selected at
room temperature, 100 °C, 200 °C and 400 °C, respectively. It is found
that the fluctuation of TCR was large, whether at the room tempera-
ture or at a high temperature 400 °C. The TCR at 100 °C was smallest
among them. These reasons had been explained by TCR variation
trend with different sputtering factors in Fig. 1(b). So the sputtering
parameter set for sample 9 was the best experimental parameter.
3.5. Composition

XPS analysis was performed to identify the surface component of
the optimal samples, i.e., sample 9. Fig. 7(a) shows the narrow scan
spectra of Ni2p3/2 on the ETFR material surface. Ni-metal and Ni
(OH) 2 were detected at binding energies of 852.24 and 855.37 eV,
respectively. A small amount of NiO (854.74 eV) was also detected
in overlapped peaks. And the O1s peaks at 530.80 and 530.05 eV in
Fig. 7(c) were corresponded to Ni (OH) 2 and NiO, respectively. The
Ni metal was the main component on the surface of ETFR. Fig. 7(b)
shows that the peak of Cr2p3/2 can be fitted by two Gaussian peaks.
The binding energy of the main peak was 576.28 eV, and the smaller
peak was 574.6 eV, which corresponded to those of Cr+3 and Cr
metal, respectively [25,26]. The predominant component for Cr on
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Fig. 7. XPS spectra of Ni–Cr ETFR materials deposited under optimal conditions: (a) Ni2p3/2 (b) Cr2p3/2 (c) O1s, (d) XPS full spectrum of the Ni–Cr film surface and after 75 s of
sputtering.
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the ETFR surface was Cr2O3. Fig. 7(d) shows the full XPS spectra from
the surface and bulk of the Ni–Cr film prepared by sputtering for 75 s.
It can be seen that the oxygen content was reduced from the smaller
O1s peak spectrum by sputtering, indicating that pure Ni and Cr were
mainly distributed in the bulk of the ETFR material.

Fig. 8 shows the EDS analysis of the optimal Ni–Cr ETFR samples.
Ni and Cr contents in the thin film were 10.40 at.% and 3.01 at.%,
respectively. It can be found that the concentration ratio of Ni and
Cr in thin film was 3.46, closing to the NiCr atomic ratio in the target,
which suggested that the magnetron sputtering method can keep the
composition stability of the ETFR materials. The 62.16 at.% C element,
19.42 at.% O element and 5.01 at.% Br element in EDS results mainly
came from the epoxy resin in the core boards and 106 PP. The core
board and the106 PP were the components of ETFR [14].ww.sp
Fig. 8. EDS analysis for the optimal Ni–Cr ETFR samples.

w

4. Conclusions

Ni–Cr thin film for embedded resistor was obtained by DC magne-
tron sputtering process. The influence of process parameters (including
sputtering power, argon pressure and substrate temperature) on the
resistivity and TCR of Ni–Cr ETFRwere investigated by Taguchimethod.
The sputtering powerwas themost prominent factor which significant-
ly influenced the resistivity and TCR of the Ni–Cr ETFR. The optimized
deposition parameters were: sputtering power of 405 W, argon pres-
sure of 0.85 Pa, and substrate temperature of 100 °C. Ni–Cr ETFR depos-
ited under the optimized conditions exhibited a high resistivity of
6.69×10−4 Ω.cm and a low TCR of 374.78 ppm/K.
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