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C and W co-doped NiCr alloy flexible thin films were prepared using closed magnetic field unbalanced
magnetron sputtering method on a copper foil substrate. The microstructure, electrical properties, and
corrosion resistance of the co-doped NiCr thin film were investigated and analyzed as embedded resistor
materials. After co-doping, the alloy thin film embedded resistor materials exhibited considerably lower
temperature coefficient of resistance (TCR), larger sheet resistance and higher corrosion resistance com-
paring to the NiCr alloy thin film embedded resistor materials.
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1. Introduction

With the miniaturization of electronic products, conventional dis-
crete passive components are reaching their physical limit on the
printed circuit board (PCB). Comparing to the traditional discrete pas-
sive components, thin film embedded passive components have many
advantages such as small surface space, low electromagnetic interfer-
ence and installation cost, high performance and signal quality by
reducing the wiring distance and the number of solder joints, etc [1,2].
Resistor is one of the very usually used passive components [3]. In
recent years, thin film embedded resistors [TFER] have attracted
increasing research on different materials, such as NiCr [1,4], NiP [2,5],
CrSi [6], TiW [7] and TaN [8–10]. Among thematerials, NiCr based alloys
have been especially intensively developed as promising TFERs since
they possess high electrical resistivity and good reliability [1,11–17].
However, there are still more high requirements for NiCr alloy as thin
film embedded resistors, for example: larger sheet resistance, lower
temperature coefficient of resistance (TCR), higher corrosion resistance,
etc.

Herein, we report C andW co-doped NiCr alloy thin films fabricated
by magnetron sputtering method as high performance TFER materials.
The microstructure and properties of the co-doped NiCr TFER were
also investigated.
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2. Experimental

The C and W co-doped NiCr thin films were deposited by closed-
field unbalanced magnetron sputtering ion plating (CFUMSIP) as a
versatile technique for the preparation of high-quality coatings. NiCr
(80/20 at.%) alloy (99.99% purity), C (99.99% purity) and W (99.99%
purity) were used as target for the sputtering. High purity Ar (99.999%
purity) was introduced as the sputtering gases. The argon pressure
was 1.2 × 10−3 Torr, the substrate temperature was 27 ° C, the gas
flow of 25 sccm, the base pressure of chamber was 4.0 × 10−5 Torr,
and the rotation speed was 4 rpm. The sputtered time was set at
4 min. To achieve good adhesion and large sheet resistance, the C and
Wco-dopedNiCr thin filmswere deposited on thematte side of electro-
lytic copper foil with very low profile (VLP). Based on the preparing
optimizational preparation experimental, C and W co-doped NiCr thin
films were performed under the sputtering conditions: bias voltage
was 90 V, NiCr target current was 3 A, C target current was 1 A, and
W target current was 0.1 A. The thin films were annealed with
RTP500 (Rapid Thermal Processor, Beijing Institute of Applied Physics,
China) in N2 for 540 s at 250 °C, 300 °C, 350 °C, 400 °C and 500 °C,
respectively.

The surface morphology of thin film embedded resistor materials
was examined by SEM (Hitachi S-4800) and AFM (CSPM5000). The
phase structures of thin film embedded resistors were analyzed by
XRD (X'pert PRO, NL). The surface chemical state of thin film embedded
resistor materials was investigated by XPS (ULVAC-PHI 1800) using a
1486.6 eV Al kα source. All binding energy values were compensated
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Fig. 1. SEM surface images of different thin films in as-deposited states: (a) C/W co-doped
NiCr; (b) NiCr.

Fig. 2. AFM 3D images of different thin films before and after a
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to C1s (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 carbon in C and W co-doped NiCr thin films was analyzed by
Raman spectroscopy (Renishaw inVia). The thickness of NiCr alloy on
the top of copper foil was determined by the alloy thickness on the
top of float glass by a calibrated surface profiler (Model XP-1) since
the copper foil was too soft [13]. The corrosion resistances were mea-
sured by using polarization curves with an electrochemical workstation
(Zennium, Zhaner Elektrik, Germany).

In order to analyze the thermal stability, the TFERwere rapidly heat-
ed 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 re-
sistance of thin film embedded resistor was measured using a digital
source meter (Keithley 2410) with the step of 10 °C in the cooling

process. 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 thin film embedded resistor measured
at the temperature of t0 (room temperature) and t, respectively.

3. Results and discussion

3.1. Surface morphology

Fig. 1 showed the SEM images of the NiCr and C/W co-doped NiCr
thin films in as-deposited states. It could be found that the surface mor-
phology of C/W co-doped NiCr thin film was clear, and the particles on
the surface were large and tight, while that of NiCr thin film was un-
clear; some places such as filaments were connected into the network
structure. The SEM image showing the morphology of C/W co-doped
NiCr thin films was clearer than that of NiCr thin film. This might result
from an increase in the electrical conductivity of the C/W co-doped film
surface. In addition, the presence of some oxides in the NiCr thin film
might cause a low conductive area on the surfaces of the thin film.
Fig. 2 displayed the three-dimensional AFM images of NiCr and C/W
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nnealed at 300 °C: (a) (c) C/W co-doped NiCr; (b) (d) NiCr.
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co-doped NiCr thin films before and after annealed at 300 °C in a scan-
ning area of 20 μm × 20 μm. The C/W co-doped NiCr thin film surface
had lower roughness, larger particles and fewer defects than that of
the NiCr thin film in as-deposited state (Fig. 2(a) (b)). Carbon has a
smaller radius than Ni and Cr, so it might penetrate into the pores and
defects in the C/W co-doped NiCr thin film and form a more compact
arrangement of atoms under suitable conditions. The case might not
happen for W atom since its radius is larger than that of Ni and Cr
atoms. But small amounts of W doping were not enough to affect the
film morphology. As shown in Fig. 2(c) and (d), the particles on the
thin film surface became dense, and the defects in C/W co-doped NiCr
and NiCr thin films were reduced when they were annealed at 300 °C.
But the surface morphology of them was different; the particles on the
C/W co-doped NiCr thin film surface were more uniform. Thus, C and
W co-doping could reduce the defects and holes in the NiCr thin films
and improve the resistance stability of NiCr thin films.
3.2. Phase structure

Fig. 3 showed the XRD patterns of NiCr and C/W co-doped NiCr thin
films before and after annealed at 300 °C. Only a diffraction peak
appeared in the two thin films in as-deposited state, respectively. The
hexagonal structure of Ni (011) appeared in the NiCr thin film, while
the face-centered structure of Ni (111) appeared in the C/W co-doped
NiCr thin film. These phase structures were attributed to the differences
Fig. 3.XRDpatterns of different thin films before and after annealed at 300 °C: (a) C/W co-
doped NiCr; (b) NiCr.
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in the kinetic energy of Ni atoms impinging on the substrates [18]. The
co-sputtered C andW atomsmight have an effect on the kinetic energy
of the deposited nickel atoms and caused theNi (111) to haveminimum
surface energy or strain energy, leading to a preferred orientation. Thus
the nickel crystals transformed to the usual face-centered structure
from the hexagonal structure. The different crystal structure would af-
fect the resistance stability of thin films [19], so the Ni (111) appearing
in the C/Wco-dopedNiCr thin filmmight improve the electrical proper-
ties of the C/W co-doped NiCr thin film. After annealed at 300 °C, the
weak Ni (200) peak was observed in the C/W co-doped NiCr thin film,
and the Ni (010), Ni (002), Ni (011), Cr (110) and Cr (200) appeared
in the NiCr thin films. The broad diffraction peaks indicated that these
thin films were not fully crystallized. The diffraction peaks of the NiCr
thin film seemed to be stronger than that of the C/W co-doped NiCr
thin film, suggesting the better crystalline of the NiCr thin film. Cr
diffraction peaks did not appear in Fig. 3(a); this reason could be
interpreted by the NiCr phase diagram. There is mainly a Ni single
phase solid solution, andmost of the Cr element dissolves in the Ni crys-
tal lattice as a metallic element as the Cr concentration is 20 at.%; the
temperature is lower than 1200 ° C [20]. The diffraction peaks of C
andW in the C/W co-doped NiCr thin film were not found since carbon
mainly existed in the amorphous form and tungsten content was less
than 2 wt.%.

3.3. Composition

Fig. 4(a) showed the full XPS spectra of the C/W co-doped NiCr
thin film before and after annealed at 300 °C, 400 °C and 500 °C,

m.cn
Fig. 4.XPS spectra obtained from theC/W co-dopedNiCr thinfilm: (a) on surface; (b) after
75 s of sputtering.
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Fig. 5. XPS spectra of Ni obtained from the C/W co-doped NiCr thinfilm surface before and
after annealing: (a) as-deposited state; (b) 300 °C; (c) 400 °C.

Table 1
XPS area ratios of chemical states of Ni species for the C/W co-doped NiCr thin film before
and after annealing.

BE (eV) XPS area ratio (%)

As-deposited 300 °C 400 °C 500 °C

Ni 852.42 63.09 61.11 55.37 0
Ni2+ 855.02 23.27 23.96 24.77 0
Ni3+ 855.80 13.64 14.93 19.86 0
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respectively. The surface content of Ni element which is determined
from XPS results decreased with the annealing temperature rising.
There was no Ni element observed on the surface after annealing at
500 °C. On the contrary, the surface content of Cr element increased
with the annealing temperature increasing because Cr was easily oxi-
dized and would segregate toward the surface at high temperature an-
nealing [13]. The surface content of O element had little change after
annealing at 400 °C and 500 °C. It might be that the Cr-oxides covering
on the surface of thin films hindered the further oxidation of the thin
films. The content of C element was always high on the surface of the
thin film in different annealing temperatures, which might be resulted
from the contaminant in the XPS test. Fig. 4(b) showed the full XPS
spectra of C/W co-doped NiCr thin film after sputtering the thin film
surface for 75 s. It was found that the contents of Cr and O elements in-
creased while the contents of C and Ni elements decreased with the an-
nealing temperature increasing. But there was rarely C after annealing
at 500 °C. The Cu element appeared on the surface after annealed at
500 °C, indicating that the Cu atoms in the substrates had diffused
into the C/W co-doped NiCr thin film at high annealing temperature.
The diffusion rate of Cu atoms increased with the temperature increas-
ing; thus Cu atoms penetrated through the interface into the C/W co-
doped NiCr thin film at high annealing temperature. The segregation
and diffusion of the metal atoms in the C/W co-doped NiCr thin film
could affect its electrical properties [21]. The W element had not been
found on the surface of the thin film because the W content was poor
and the surface of the thin film was mainly covered by Cr-oxides.

Fig. 5 showed the narrow scan spectra of Ni2p3/2 on the surface of
C/W co-doped NiCr thin films before and after annealing. Ni metal
was detected at binding energies of 852.42 eV as the predominant
Ni state. Small amounts of NiO (855.02 eV) and Ni2O3 (855.80 eV)
were also detected as shown in the fitted Gaussian curves. The XPS
area ratios of the chemical states of Ni species for the C/W co-
doped NiCr thin film before and after annealing were presented in
the Table 1. Ni metal decreased and Ni-oxides had little change
with the temperature increasing. It might be that Cr was easy to gen-
erate the dense Cr-oxides covering on the surface of thin film and
prevented Ni from further oxidation. The surface of the C/W co-
doped NiCr thin film was completely occupied by Cr-oxides when
annealed at 500 °C; thus Ni was not observed on the surface.

Fig. 6 presented the narrow scan spectra of Cr2p3/2 on the surface of
the C/W co-doped NiCr thin film before and after annealing. The XPS
area ratios of the chemical states of Cr species before and after annealing
were presented in Table 2. Cr3 + as the predominant Cr statewas detect-
ed at the binding energy of 576.6 eV and as complete Cr state presented
after annealing at 500 °C, indicating that Cr was easily oxidized at high
temperature.

Fig. 7 showed the XPS spectra peaks of C1s before and after annealed
at 500 °C, the peaks at 284.4 eV and 285.4 eV were assigned to sp2 and
sp3, respectively. The XPS area ratios of sp2 and sp3 in as-deposited
state were 87.10% and 12.90%, respectively; when annealed at 500 °C,
theywere 84.37% and 15.63%, respectively, which embodied the charac-
teristics of amorphous carbon. The amount of sp3-bonded carbon in
thin films increased with annealing temperature increasing. The in-
creasing sp3 bonding may raise stress of the amorphous carbon film,
which would affect the electrical properties of the films [22,23], so the
C/W co-doped NiCr thin film in Fig. 11(b) annealed at high tempera-
tures did not exhibit a low TCR. The sp2 was mainly the hybridized
state of C1s, indicating that the carbon mainly existed as a graphite-
like structure.

Table 3 showed the EDS analysis of the C/W co-doped NiCr thin film
under different annealing temperatures. EDS could detect elements
much deep in the samples than XPS method. It could be found that
the atomic ratios of Ni and Cr in thin film were close to 20/80 at.%,
and were almost the same with the target. The increasing of Cr on the
surface of the thin film with the annealing temperature rising in
Fig. 4(a) actually resulted from the segregation of Cr at high annealing
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temperature. The Cu content was the highest in Table 3, which derived
from the copper substrate, because the film thickness was less than
200nmand the detection depth of EDSwould bemore than onemicron.
The W and C element in thin film existed as a single substance because
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Fig. 6. XPS spectra of Cr obtained from the C/W co-doped NiCr thin film surface before and after annealing: (a) as-deposited state; (b) 300 °C; (c) 400 °C; (d) 500 °C.
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they were hard to be oxidized at annealing in the range of 300 °C–
500 °C.
 m
3.4. Raman analysis

Since C might mainly keep its amorphous structure and its content
was less in the C/W co-doped NiCr thin films, it was very difficult to
be detected by XRD technique. Raman spectroscopy is a powerful tool
to fully characterize disorder in graphite and is an effective means for
analyzingCmicrocrystal. As shown in Fig. 8, the C Ramanpeak appeared
until the annealing temperature increased to 400 °C. The ‘D’ located at
1355.39 cm−1, ‘G’ at 1586.60 and 1593.95 cm−1, ‘G′’ at 2727.32 and
2709.97 cm−1 appeared for the C/W co-doped NiCr thin film annealed
at 400 °C and 500 °C, respectively. The higher the annealing tempera-
ture, the greater the intensity of the Raman peaks. The G peak is due
to the bond stretching of all pairs of sp2 atoms in both rings and chains.
The G band corresponds to the symmetric E2g vibrational mode in
graphite-like materials. The D peak is due to the breathing modes of
sp2 atoms in rings, and is caused by A1g non-active vibrations mode
[24]. G′ for the second-peak of G is related to graphite transverse optical
phonon branches [25]. In addition, the weak scattering peaks appeared
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Table 2
XPS area ratios of chemical states of Cr species for the C/W co-doped NiCr thin film before
and after annealing.

BE (eV) XPS area ratio (%)

As-deposited 300 °C 400 °C 500 °C

Cr 574.4 24.76 20.23 11.40 0
Cr2+ 575.4 24.83 20.20 28.55 0
Cr3+ 576.6 50.41 59.58 60.0 100
at 500 cm−1 and 700 cm−1,whichwasmainly induced disorder scatter-
ing [26]. The half-height peak width decreased with annealing temper-
ature increasing in Fig. 8, indicating that the crystallization of C
increased, phonon lifetime with correspond extended, and the width
of line with correspond narrowed [27]. The D and G peaks were fitted
with Lorentzian by fitting the data in Table 4. The R = ID/IG can reflect
the degree of carbon graphitization: C has high graphitization and
good microcrystalline orderliness when R is the small. Thus the micro-
crystalline of C was better when the film was annealed at 500 °C than
that of the film annealed at 400 °C. Because the annealing treatment
can reduce the concentration of sp2 carbon clusters [28]. The degree
of carbon graphitization of the thin films increases, the electrical resis-
tivity of thin films might decrease [29], so C/W co-doped NiCr thin
films need not be annealed at high temperature.

3.5. Electrical properties

Fig. 9 showed the temperature dependence of TCR of NiCr, C and W
co-doped NiCr thin films in as-deposited states. Comparing to the NiCr
thin film, the TCR absolute value of the C/W co-doped NiCr thin film
was smaller, especially in the testing temperature range from room
temperature to 250 °C. In addition, the TCR–T curve of the C/W co-
doped NiCr thin film was also more stable than that of the NiCr thin
film. The results suggested that the C/Wco-dopedNiCr thinfilm embed-
ded resistors had more resistance stability than NiCr thin film embed-
ded resistors when they were working in the electrics. As shown in
Fig. 10, the C/W co-doped NiCr thin film embedded resistors in as-
deposited states showed larger sheet resistance than the NiCr thin
film embedded resistors which was beneficial for its application. The
doped carbon in theNiCr thinfilm could cause the increasingdisordered
atomic arrangement and big sheet resistor [30]. In addition, W doping
might improve the resistivity of the NiCr thin film due to the larger
resistivity of W metal.
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Fig. 8. Raman spectra of C in the C/W co-doped NiCr thin film at different annealing
temperatures.

Fig. 7. Thepeakfitting C1s XPS spectra in theC/W co-dopedNiCr thinfilm: (a) as-deposited
state; (b) 500 °C.

Table 4
The parameters of the C Raman spectra in the C/W co-dopedNiCr thin film in different an-
nealing temperatures.

Anneal.
tem.

W
(D)/cm−1

W
(G)/cm−1

HD/a.u. HG/a.u. R
(ID/IG)

FWHM
(D)/cm−1

FWHM
(G)/cm−1

400 °C 1355.39 1586.60 170.48 265.96 0.641 80.26 72.17
500 °C 1355.39 1593.95 499.22 789.92 0.632 57.58 70.58
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Fig. 11(a) and (b) showed the temperature dependence of TCR of the

C/W co-doped NiCr and NiCr thin film before and after annealing at 250,
300 °C, 350 °C, 400 °C, and 500 °C, respectively. The smallest fluctua-
tion in TCR of NiCr and C/W co-doped NiCr thin films was obtained
when the annealing temperature was 300 °C since most of the residual
stress of thin films might be eliminated at this temperature. The TCR
values had a large fluctuation when the thin films were annealed at
350 ° C, 400 °C and 500 °C. The defects and stress of thin films could
not be sufficiently eliminated if the rapid thermal annealing was only
540 s because the surface of the thin film had been oxidized [19]. In ad-
dition, the high annealing temperature strengthenedmetal segregation
and diffusion, which might change the inner stress and affect
the electrical properties of thin films. The TCR absolute value of
the C/W co-doped NiCr thin film annealed at 300 °C was in the
range of 2.86–199.97 ppm/K, which were much smaller than those
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Table 3
Element concentrations analyzed by EDS in the C/W co-doped NiCr thin film before and
after annealing.

As-deposited 300 °C 400 °C 500 °C

Ni (at.%) 10.57 7.78 8.54 7.10
Cr (at.%) 2.27 1.62 2.20 2.19
C (at.%) 0 20.98 17.87 18.30
W (at.%) 0 0.07 0.14 0.14
O (at.%) 4.36 2.90 3.20 5.06
Cu (at.%) 82.80 66.64 68.04 67.21
Ni:Cr 4.66 4.80 3.88 3.24
of the NiCr film in the range of 35.26–327.31 ppm/K. The C/W co-
doped NiCr thin film was mostly negative in the range of 54.29–
244.02 ppm/K, and the TCR of NiCr were all positive in the range
of 80.71–567.15 ppm/K in as-deposited state. Thus C and W co-
doping could reduce the TCR and improve the electrical properties
of the NiCr thin film.

3.6. Corrosion resistance

Fig. 12 showed the polarization curves of NiCr and C/W co-doped
NiCr thin film in as-deposited state and annealing at 300 °C. The corro-
sion currents of C/W co-doped NiCr thin filmswere always smaller than
that of the NiCr thin film. The corrosion potential of the C/W co-doped
NiCr thin film was higher than that of the NiCr thin film in as-
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Fig. 9. The temperature dependence of the TCR of NiCr and C/W co-dopedNiCr thin film in
as-deposited states.
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Fig. 10. The temperature dependence of the sheet resistor of NiCr and C/W co-doped NiCr
thin film in as-deposited states.
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deposited state. The results indicated that C and W doping in the NiCr
thin film could help to increase the corrosion resistance of the films.
Because carbon in the C/W co-doped NiCr thin film mainly existed in
the form of an amorphous and microcrystalline hybrid structure. Their
hybrid interface might improve the diffusion of Cr; thus Cr was easier
to generate a dense chromium oxide layer on the surface of thin films.
Fig. 11. The temperature dependence of the TCR of thin films under different annealing
temperatures: (a) C/W co-doped NiCr; (b) NiCr.

Fig. 12. Comparison of corrosion resistance of the C/W co-doped NiCr and NiCr thin film
before and after annealing: (a) as-deposited state; (b) 300 °C.
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W metal is very stable; it will not react with hydrochloric acid and
sulfuric acid, and does not dissolve in king water.

C/W co-doped NiCr and NiCr thin films in as-deposited states were
soaked in 60% H2SO4 for 85 h. Their SEM images after corroded were
shown in Fig. 13. The C/W co-doped NiCr thin film was only partially
destroyed, and some particles were connected into small pieces. Some
parts of the NiCr thin film were eroded into small particle agglomera-
tion, and the small part became blocky. Therefore C and W co-doping
could improve the corrosion resistance of NiCr thin films.

4. Conclusions

The studied NiCr thin film co-doped with C and W elements by
closed magnetic field unbalanced magnetron sputtering method re-
vealed a new C/W co-doped NiCr thin film embedded resistor material.
The C/W co-doped NiCr thin film demonstrated more stable electrical
performance, larger sheet resistor and good corrosion resistance than
NiCr thin film. The TCR absolute value of the C/W co-doped NiCr thin
film before and after annealing at 300 °C was in the range of 54.29–
244.02 ppm/K and 2.86–199.97 ppm/K, respectively. The TCR of NiCr
was in the range of 80.71–567.15 ppm/K and 35.26–327.31 ppm/K, re-
spectively. The preferred orientations of the C/W co-doped NiCr thin
filmwas Ni (111), while that in the NiCr thin filmwas Ni (011). The dif-
ferent crystal orientations would influence the electrical properties of
the thin film. Carbon with an amorphous structure mainly in deposited
C/W co-doped NiCr thin film might decrease the defects and improve
the electrical properties and corrosion resistance of the thin film.
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Fig. 13. SEM surface images of the C/W co-doped NiCr and NiCr thin film corroded in
as-deposited state: (a) C/W co-doped NiCr; (b) NiCr.
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W with large resistivity and stable chemical properties might enhance
the sheet resistor and corrosion resistance of the C/W co-doped NiCr
thin film.
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