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Abstract: Effects of varying Mn and Ni concentrations on the structure and piezoresistive properties
of CuMnNi films deposited by magnetron sputtering with a segmented target were investigated.
An increase in the Ni content refines the CuNi film grains, inducing an increase in defects such as
internal micropores and a decrease in film density. At the same time, the positive piezoresistive
coefficient of the film changes to negative. When 17.5 at.% Ni was added, the negative piezoresistive
coefficient of the CuNi film was −2.0 × 10−4 GPa−1. The doping of Ni has a weakening effect on the
positive piezoresistive effect of the film. Adding Mn into Cu refines the film grains while increasing
the film density. The surface roughness of the film decreases with the increase in Mn content. When
the Mn content was 16.7 at.%, the piezoresistive coefficient reached the largest recorded value of
23.81 × 10−4 GPa−1, and the film exhibited excellent repeatability in multiple piezoresistive tests.
After the CuMn film with 16.7 at.% Mn was annealed at 400 ◦C for 2 h, the film grains grew slightly
and the film residual stress decreased. The optimization of the film structure can reduce the scattering
of electrons during transportation. The piezoresistive coefficient of the film was further improved to
35.78 × 10−4 GPa−1.

Keywords: CuMnNi films; pressure sensor; piezoresistivity; magnetron sputtering

1. Introduction

Manganin alloy usually contains 84.2 at.% Cu, 12.1 at.% Mn, and 3.7 at.% Ni. Nickel
was added to fabricate CuMnNi alloy and it exhibited a small temperature coefficient of
resistance, low thermal voltage to copper, and high resistance stability [1]. Schmon obtained
the solid phase temperature and liquid phase temperature through differential thermal
analysis [2]. In the solid phase, its resistivity and thermal expansion are determined, thus
the density is calculated. The liquid state was studied. As part of the discharge circuit,
the sample was subjected to resistive volumetric heating. The evolution of current voltage
drops, surface brightness, and thermal expansion were detected and recorded. On the basis
of these measurements, the temperature-dependent thermophysical properties such as
enthalpy, isobaric heat capacity, resistivity, and density were obtained. Nakayama studied
the preparation of Cu-11Mn-4Ni plate by compression shear method at room temperature
and evaluated its mechanical and electrical properties [3]. Gidts studied the preparation
and characterization of a piezoresistive pressure sensor based on chrome-doped V2O3 thin
film (Cr-V2O3TF) [4]. This is the first time that the piezoresistive effect of single crystal
Cr-V2O3TF has been demonstrated experimentally and applied to pressure sensors. This
new piezoresistive mechanism opens up potential for the development of highly sensitive
piezoresistive sensors based on phase transitions. Shi deposited a 2 µm thick manganin
film on mica flakes by magnetron sputtering. The piezoresistive coefficient was about
1 × 10−3 GP−1 [5]. Kakehi evaluated the electrical and piezoresistive properties of titanium
oxide films for use as piezoresistive films for high-temperature pressure sensors [6].
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The above studies of manganin piezoresistive films used Cu84Mn12Ni4 alloys. The
piezoresistive coefficient of CuMn binary alloys is positive while it is negative for Ni.
There are no works focusing on the influence of varying Mn and Ni concentrations on
the structure, piezoresistive coefficient, and repeatability of manganin alloy piezoresistive
films. Based on this, magnetron sputtering was used in this work for the deposition of
manganin films. Mn and Ni concentrations were varied by sputtering a segmented target.

2. Experiment and Test Methods

The deposition equipment used in this paper was large-scale multifunctional com-
posite PVD coating equipment (MC800, Guangzhou, China), developed by the Advanced
Manufacturing Surface Engineering Team of Guangdong University of Technology. In
order to adjust the content of Mn and Ni in the manganin, we used the segmented target to
achieve composition adjustment. The structure of the Cu/Mn/Ni segmented target and
the deposition diagram are shown in Figure 1.
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Figure 1. Schematic diagram of segmented target (a) and deposition configuration (b).

The experiment matrix adopted the following two types of substrates: Si3N4 ceramic
substrates (30 × 30 × 4 mm3, used for the piezoresistive coefficient test and repeatability
test of the film), and the single crystal Si wafer (10 × 50 × 1 mm3, used to determine
the microscopic morphology, surface roughness detection, component determination, and
analyte phase structure of the film). In the deposition process, a mask was used to structure
the thin film. The mask structure is shown in Figure 2. The piezoresistive sensitive layer
of manganin was deposited first. The substrate bias voltage, deposition temperature,
deposition pressure, and target-sputtering power were −100 V, 200 ◦C, 0.2 Pa, and 2500 W,
respectively. The deposition rate was about ~50 nm per minute and the deposition was
conducted for 20 min. Thus, the film thickness was ~1 µm. Finally, the mask was changed
to deposit the electrode layer of pure copper.
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In this paper, the Bruker D8 ADVANCE polycrystalline (powder) X-ray diffractometer,
manufactured by Bruker in Karlsruhe, Germany, was used to analyze and determine the
composition and phase structure of the thin film sample materials. The new cold field
emission scanning electron microscope HITACHI UHR FE-SEM SU8200, manufactured
by HITACHI in Tokyo, Japan, was used to analyze the morphological characteristics of
the surface cross-section of the film samples. The Oxford Instruments X-MaxN electron
spectrometer (Abingdon, UK), attached to the HITACHI UHR FE-SEM SU8200 scanning
electron microscope (Tokyo, Japan), was used to qualitatively and quantitatively analyze the
composition of the film sample. The Anton Paar Tosca 400 model atomic force microscope,
manufactured by the Anton Paar Company in Graz, Austria, was used to analyze the
surface microscopic area morphology and surface roughness of the thin film samples.
Shimadzu Corporation’s electronic universal testing machine AGS-X 50KN (Kyoto, Japan)
and a Rek2514 precision resistance tester with an accuracy of 0.1 µΩ, manufactured by
Shenzhen Rek in Shenzhen, China, were used for the piezoresistive tests. The TYQH-4
high-temperature and high-vacuum brazing furnace, made by Zhengzhou Brother Furnace
Co., Ltd. in Zhengzhou, China, was used for the annealing and heat treatment of the thin
film samples. The annealing parameter is 2 h annealing at 400 ◦C.

3. Results and Discussion
3.1. The Effect of Different Ni Contents on the Structure and Piezoresistive Properties of Manganin
Thin Films

As the content of Ni decreased from 17.54 at.% to 0.18 at.%, the content of Cu increased
from 82.45 at.% to 98.44 at.%, and the atomic ratio of Mn was kept below 1 at.%. Figure 3
shows the X-ray diffraction patterns of manganin thin films with different Ni contents. It
can be seen from the figure that as the Ni content increased from 0.18 at.% to 17.54 at.%,
the peak position of Ni was not found, indicating that Ni is always solid soluble in Cu
within this content range. The increase in Ni content also led to Cu (111) and Cu (200)
peaks shifted to high angles. This was because the atomic radius of Ni is smaller than that
of Cu, so the solid solution of Ni caused the lattice constant of the Ni-Cu alloy to decrease,
and the lattice spacing became smaller, causing the XRD diffraction peak position to shift
to a higher angle. The increase in the content of Ni also led to a gradual increase in the
half-height width of the Cu (111) diffraction peak, indicating that an increase in the content
of Ni dissolved in Cu can make the Cu grains more refined.
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Figure 3. The X-ray diffraction patterns of manganin films with different Ni concentrations.

Figure 4 shows the SEM surface and cross-sectional morphologies of manganin thin
films with different Ni contents. It can be seen from the surface SEM image that as the Ni
content increased from 0.18 at.% to 17.54 at.%, the coarse and uneven grain structure on
the surface of the film gradually disappeared, forming a fine and smooth grain structure.
However, with the gradual refinement of the crystal grains, more and more defects, such as
micropores, became visible on the surface of the film. It can be seen from the cross-sectional
SEM image that with the gradual increase in Ni content, the microporous defect structure
in the cross-section of the film gradually increased, the density gradually decreased, and
the grain structure of the film was gradually refined. When the Ni content was 17.54 at.%,
a loose and porous fine grain structure was formed. Increasing the content of solid solution
Ni in the manganin thin films results in a refinement of the film’s grains, but at the same
time can also lead to a decrease in the density of the film, and loose and porous film grains
are formed when the content of Ni is in high organization, which will significantly enhance
the scattering of electrons during transportation, reducing the piezoresistive coefficient
of the film and the repeatability of the test. Figure 5 shows the three-dimensional AFM
surface morphology pictures and surface roughness changes in five different Ni content
manganese copper films. As the content of Ni gradually decreased, the surface of the film
gradually developed from a needle-like fine-grained structure to an arch-shaped coarse-
grained structure, which was consistent with the results of the SEM test. According to the
surface roughness measured by AFM, the gradual decrease in Ni content not only forms
a coarse grain structure, but also causes the surface roughness Sa of the film to gradually
increase from 7.11 nm to 64.4 nm. The increase in the surface roughness of the film also
affects the piezoresistive effect of the manganin film.
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Figure 5. AFM three-dimensional surface morphology and surface roughness of manganin films with
different Ni contents.

Figure 6 shows the piezoresistive fitting straight lines of manganin thin films with
different Ni contents. The coefficients of determination of fitting correction were all over
90%; that is, the relative error was small, and the linearity was high. It can be seen from
Figure 6 that as the Ni content of the film decreased from 17.54 at.% to 0.18 at.%, the film
gradually changed from a negative piezoresistive effect to a positive piezoresistive effect,
and the higher the Ni content, the greater the negative piezoresistive coefficient of the
film. When the Ni content was 17.54 at.%, the negative piezoresistive coefficient of the film
reached the maximum, Kp = −2.0 × 10−4 GPa−1. This was because the Ni metal element
itself has a large negative piezoresistive effect, while the Cu metal element itself has a
small positive piezoresistive effect [7], so an increase in the content of Ni solid-dissolved
in Cu led to the gradual bias of Cu towards the negative piezoresistive coefficient. When
the Ni content was reduced to 0.18 at.%, the film had a positive piezoresistive coefficient,
Kp = 1.11 × 10−4 GPa−1. We took samples with relatively large negative piezoresistive
coefficients of 17.54 at.% and 5.49 at.% for repeated cyclic piezoresistive tests. The test
results are shown in Figure 7. Figure 7a,b show that with the decrease in Ni content, the
dispersion of the piezoresistive fitting line of the film in the repeated test process increased,
indicating that the repeatability test ability of the film had decreased. It can be seen from
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Figure 7c that during the repeatability test, the fluctuation of the piezoresistive coefficient of
the sample with a Ni content of 5.49 at.% was greater than that of the coating sample with
a Ni content of 17.54 at.%, and the absolute value of the negative piezoresistive coefficient
was also smaller than the coating sample with a Ni content of 17.54 at.%. The above results
indicate that an increase in Ni content reduces the density and positive piezoresistive
coefficient of the manganin film deposited by magnetron sputtering, and that the higher the
Ni content, the more the positive piezoresistive effect of the manganin film has a tendency
to gradually transform into a negative piezoresistive effect.
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3.2. The Effect of Different Mn Contents on the Structure and Piezoresistive Properties of
Manganin Thin Films

The segmented target was also used to achieve the deposition of manganin films
with different Mn contents. As the content of Mn in the film increased from 1.38 at.% to
16.72 at.%, the content of Cu decreased from 98.44 at.% to 83.04 at.%, and the content of Ni
was always kept below 1 at.%. Figure 8 shows the X-ray diffraction pattern of the manganin
films with different Mn contents. According to the figure, as the Mn content increased
from 1.38 at.% to 16.72 at.%, the peak position of Mn was not found, indicating that it
was within this content range. Mn is always solid soluble in Cu; when the Mn content
increased to 8.54 at.%, the Cu (200) orientation peak position disappeared, indicating that
the increase in Mn content can lead to the preferential growth of the Cu (111) orientation in
the grain structure of the manganin films. With the increase in Mn content, the Cu (111)
peak position shifted to a low angle. This was because the lattice constant of Mn (891.25) is
greater than that of Cu (361.49), so the solid solution of Mn can cause the lattice constant
of Cu-Mn alloy to increase, the lattice spacing to become larger, and the peak position to
shift to a low angle. With the increase in Mn content, the half-height width of the Cu (111)
diffraction peak gradually increased, indicating that the increase in Mn content in solid
solution can cause the Cu grains to be gradually refined.
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Figure 9 shows the SEM surface and cross-sectional morphology pictures of manganin
films with different Mn contents. It can be seen from the surface SEM images that as the
Mn content increased from 1.38 at.% to 16.72 at.%, the coarse grain structure on the surface
of the film gradually lessened. The fine and uniform grain structure was replaced, the
grain refinement was obvious, and no defects, such as micropores, were found on the
surface of the film samples. The density of the film was well maintained. According to the
cross-sectional SEM image, with the increase in Mn content, the microporous structure at
the cross-section of the film lessened. When the Mn content was 5.57 at.%, a larger, dense
columnar crystal structure was formed. With the increase in Mn content, the grain size
continued to increase and was gradually refined and increased in density. When the Mn
content reached the maximum of 16.72 at.%, a thin film structure with fine grains and
high density was formed. The above test results were consistent with the XRD analysis
results of the film. Figure 10 is the AFM three-dimensional surface morphology map and
surface roughness change map of manganin films with different Mn contents. According
to the figure, with the increase in Mn content, the surface of the film gradually developed
from a convex round coarse grain structure to a fine needle-like grain structure. When
the Mn content was greater than 5.57 at.%, the grain refinement of the film structure was
particularly significant, and the surface roughness of the film also gradually decreased,
which was consistent with the results of the SEM image.
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Figure 8. The X-ray diffraction patterns of manganin films with different Mn contents.
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Figure 11 shows the piezoresistive fitting straight lines of manganin films with dif-
ferent Mn contents. The correction determination coefficient of each fitting straight line
exceeded 99%, indicating that the fitting error was relatively small, and the linearity was
high. According to Figure 11, as the Mn content in the film increased from 1.38 at.% to
16.72 at.%, the piezoresistive coefficient of the film gradually increased, and the piezore-
sistive coefficient of the film reached the maximum when the Mn content was 16.72 at.%,
Kp = 23.81 × 10−4 GPa−1. Therefore, the solid solution of Mn had an enhanced effect on

the positive pressure resistance of Cu, and the incorporation of Mn can increase the density
of manganin films, refine the grain structure of the film, and increase the electron scattering
generated by the film under stress, enhancing the piezoresistive effect. Figure 12 shows the
piezoresistive repeatability test of the manganese copper film with different Mn contents
and its influence on the piezoresistive coefficient Kp. As shown in Figure 12a–e, as the Mn
content gradually increased, the dispersion of the repeatability test gradually decreased,
so the film repeatability test ability gradually increased. Figure 12f shows that with the
increase in Mn content, the piezoresistive coefficient of the film gradually increased, and
the change in the piezoresistive coefficient of the film did not fluctuate much. At a higher
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Mn content of 13.11~16.72 at.%, the piezoresistive coefficient of the film basically had no
fluctuation under multiple piezoresistive tests, and the repeatability was good. The above
results indicate that increasing the content of solid solution component Mn in the manganin
films deposited by magnetron sputtering can refine the grains of the film and form a dense
film structure, which improves the piezoresistive coefficient of the film and the stability of
repeated tests.
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Figure 12. The piezoresistive test results of manganin films with different Mn content: (a) 3.44 at.%
Mn, (b) 5.57 at.% Mn, (c) 8.54 at.% Mn, (d) 13.11 at.% Mn, (e) 16.72 at.% Mn, and (f) fluctuation of
piezoresistive coefficient Kp.

3.3. The Effect of Annealing Treatment on the Structure and Piezoresistive Properties of
Manganin Films

Annealing treatment can eliminate the thermal stress of the film, and the grain struc-
ture of the film grows during the annealing process to fill the defects in the film deposition
process and improve the density of the film. Shangchun Shi and Xiaosong Du [5,8] found
that annealing the manganin film in a vacuum environment at 400 ◦C can increase the
density and piezoresistive coefficient of the film. Therefore, we further optimized the
microstructure and piezoresistive properties of the manganin films with a Mn content of
16.72 at.% was annealed. Figure 13 shows the X-ray diffraction pattern of manganin film
samples with a Mn content of 16.72 at.% after annealing at 400 ◦C for 2 h. In Figure 13, the
Cu (111) and Cu (200) of the film after heat treatment were compared with the unheated
film. The (200) peak intensity was weakened, and the half-height width of the diffraction
peak reduced, indicating that the grains of the film had grown after heat treatment, and
the (111) preferential orientation growth characteristics were weakened. In addition, the
XRD diffraction peaks were also shifted to a higher angle compared with the unheated
film, indicating that heat treatment can eliminate the residual compressive stress of the film
during the deposition process.
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Figure 13. X-ray diffraction patterns of manganin films with a Mn content of 16.72 at.% before and
after heat treatment at 400 ◦C for 2 h.

Figure 14 shows the SEM surface and cross-sectional morphology of the manganin
film samples with a Mn content of 16.72 at.% after annealing at 400 ◦C for 2 h. When
comparing the morphology before and after the heat treatment, the grains of the film after
the heat treatment were slightly enlarged and still maintained a fine crystal structure, but
the density of the film was improved. Figure 15 shows the AFM three-dimensional surface
morphology and surface roughness of manganin films with a Mn content of 16.72 at.%
after annealing at 400 ◦C for 2 h. According to Figure 15, the grain structure on the surface
of the film after heat treatment was fine. The needle-like crystal grains grew into coarser
crystal grains, and the surface of the film became smoother after heat treatment, which
was consistent with the observation results of SEM. The surface roughness of the film
before and after the heat treatment showed a difference of less than 5 nm; the surface of
the film was very smooth and flat. Figure 16 shows the piezoresistive fitting straight line
of the manganin films with a Mn content of 16.72 at.% after annealing at 400 ◦C for 2 h.
The correction coefficients of the fitting straight line all exceeded 99%, indicating that the
relative error of the fitting straight line was very small and the degree very high. According
to Figure 16, the piezoresistive coefficient of the film was greatly improved after heat
treatment, from Kp = 23.86 × 10−4 GPa−1 to Kp = 35.78 × 10−4 GPa−1. Figure 17 shows
the repeatability test of manganin films with a Mn content of 16.72 at.% after annealing
at 400 °C for 2 h, and its effect on the piezoresistive coefficient Kp. It can be seen from
Figure 17a,b that the piezoresistive fitting curve of the repeatability test of the film before
and after heat treatment was basically similar, and the deviation between the first test
and the subsequent repeatability test curve became smaller. According to Figure 17c, the
fluctuation of the piezoresistive coefficient of the film during repeated testing after heat
treatment was relatively small, indicating that the heat treatment not only improved the
piezoresistive coefficient of the film, but also enhanced its repeatability.
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4. Conclusions

This article used the segmented target deposition method to explore the influence of
different Mn and Ni component contents, as well as the effect of the heat treatment process,
on the structure and piezoresistive performance of manganin films. Increasing the content
of solid solution Ni in Cu can refine the Cu crystal grains, but at the same time, it also leads
to an increase in structural defects, such as micropores, which reduces the density of the film
and increases its surface roughness. The increase in Ni content can also cause the positive
piezoresistive coefficient of the manganin films to change to a negative piezoresistive
coefficient. When the Ni content was 17.54 at.%, the negative piezoresistive coefficient of
the film was Kp = −2.0 × 10−4 GPa−1, so excessive doping of Ni has a weakening effect
on the piezoresistive effect of the manganin film. With the gradual increase in Ni content,
the transverse microporous defect structure of the film gradually increases, the density
gradually decreases, and the grain structure of the film is gradually refined. The loose
and porous fine particle structure can significantly increase the electron scattering during
transportation and reduce the piezoresistive coefficient of the film.
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Increasing the content of solid solution Mn in Cu can refine the Cu grains, increase
the density of the film, reduce the density of structural defects such as micropores in the
film structure, and decrease the surface roughness of the film. Because both Mn and Cu
elemental metals exhibit a positive piezoresistive effect under stress, the solid solution of
Mn has an enhanced effect on the positive piezoresistive effect of Cu. The inclusion of
Mn can improve the density of the film, refine the grain structure of the film, increase the
electron scattering of the film under the action of stress, and enhance the piezoresistive
effect. When the Mn content was 16.72 at.%, the film piezoresistive coefficient reached
Kp = 23.81 × 10−4 GPa−1, and the film had excellent repeat stability. After the manganin
film with a Mn content of 16.72 at.% was annealed at 400 ◦C for 2 h, the film grains grew
slightly, the density of the film increased, and the residual stress of the film decreased.
Based on structural optimization, the scattering of electrons during transportation can be
reduced, so the piezoresistive coefficient of the film after heat treatment can be increased
from Kp = 23.86 × 10−4 GPa−1 to Kp = 35.78 × 10−4 GPa−1, and the film showed better
repeatability in multiple piezoresistive tests.
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