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Copper-manganese (Cu-Mn) alloys are usually used in resistance materials with a low resistance and low
temperature coefficient of resistance (TCR). In the study, two kinds of electrochemical deposition methods
were used to prepare a Cu-Mn structure. Firstly, high conductivity Cu film with preferred (111) orientation
was prepared based on the Al thick film as the sacrificial layer by screen printing on the Al2O3 substrate,
and then transformed the Al thick film into the Cu thick film by the galvanic displacement reaction at 80 �C
for 75 min. Secondly, the electroplating method was used to deposit Mn on the as-replaced Cu film. it could
be seen that a high quality and desired Cu-Mn 9:1 ratio could be obtained by depositing at 1.6 V for 10 min
in MnCl2 electrolyte with (NH4)2SO4. Sequentially, annealing under normal pressure in reducing the
atmosphere was done to make the Cu and Mn interdiffusion into the alloy phase. Both x-ray photoelectron
spectroscopy and Raman confirmed that annealing at 900 �C in a nitrogen-hydrogen (95/5) atmosphere
could extremely reduce the possibility of manganese oxidation and showed promising electrical properties
including of the low temperature coefficient of resistance (TCR = 150 ppm) with resistivity of 1000 lX-cm,
which are comparable to that of CuMn deposited by sputtering in vacuum.
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resistance of thick film

1. Introduction

Although pure copper has ultra low resistivity, its temper-
ature coefficient of resistance (TCR) is relatively high and
against the application of resistors. To solve this issue, the alloy
material receives much attention as it has the advantages of
high thermal stability and mechanical properties. Copper-
manganese alloy is one of the most potential alloy materials and
it has been widely used in the modern industry. It has a low
TCR, outstanding long-term stability and good weldability
characteristics, which makes the alloy superior to precision
surveying instruments (Ref 1, 2).

Even though the Cu-Mn alloy is a high potential material,
its process restricts the development and application, since Mn
has a high affinity for oxygen, so Mn is easily oxidized during
thermal treatment. Among various physical synthesis methods
for Cu-Mn thick films, sputtering has been widely used to
prepare conductive films with controllable physical properties
and high qualities (Ref 3-5). A co-sputtering method technique
allows for a desired film thickness to be applied simply by
controlling the process duration, and crystalline film alloy with
controllable microstructures can be acquired through in situ
crystal growth at different growing temperatures (Ref 6).
However, compared to other chemical processes, its cost and

multi-steps induce a low profit, which causes a bottleneck in the
industry. In other words, the chemical process is a high-
potential method for the CuMn alloy. There are varieties of
methods for manufacturing CuMn alloy films including sput-
tering (Ref 7), sol–gel (Ref 8,), and electrodeposition (Ref 9).
Among these processes, the alloy electrochemical deposition
technique is widely used for the protection that requires special
chemical, physical, and mechanical features due to its consid-
erable characteristics of simplicity and lower cost in compar-
ison to other methods. In the electrochemical plating process,
there are several parameters deciding the properties of electro-
plated films such as current density, pH, deposition potentials,
electrolyte concentration, electroplating time, and additives
(Ref 10).

Aluminum thick film is one of the most promising materials
for a CuMn alloy. First, Al electrode with pattern is formed by
screen printing. And then, since the chemical potential of Al3+/
Al is � 1.66 V versus SHE, the Al electrode is prospective to
be a sacrificial layer for some metals with high reduction
potential such as Pd, Pt, Ag, Cu and Ni. On the other hand, the
porous characterization of thick aluminum films allows total
replacement (Ref 11). The conventional displacement method
could only deposit a limited metal layer on the substrate due to
the impact surface. The reaction will stop if it is covered with
the deposited metal. The modified replacement is defined as
being that the substrate based on the porous aluminum paste
could penetrate the substrate and replace the material from
bottom to top. Previous research has developed the copper and
copper-nickel thick alloy film through the modified replacement
method and many potential applications in electronic packages,
passive components, or multilayer ceramic capacitors, etc. (Ref
12, 13). In this work, a CuMn alloy resistor can be realized
through Al coating by screen printing and replaced with Cu by
displacement chemical reaction. Sequentially, Mn is depositedWen-Hsi Lee, Narendra Gharini Puteri, and C.R. Kuo, Department
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on Cu film by electroplating and then the CuMn alloy is formed
by annealing process.

2. Experiments

2.1 Sample Preparation

Figure 1 shows a flow chart of the experiments. At first, the Al
thick film was printed on the Al2O3 substrate by the Al paste which
is made of 10 lm Al micro-particles, binder, and other additives.
After printing, the Al film was fired at 750 �C in air to form a
homogenous and flat structure. Next, the replacement of Cu film
was conducted at 80 �C for 15, 30, 45, 60 and 75 min. The
electrolyte consisted of 10 g CuSO4 and tiny Polyvinylpyrrolidone
(PVP), Ethylenediaminetetraacetic acid (EDTA) and bis(sodium-
sulfopropyl) disulfide (SPS) in 50 ml DI water.

The following Mn-electroplating process would be based on
the sample of Cu replacement for 60 min. It is well-known that a
proper electroplating potential could prevent polarization during
the process. Therefore, the plating potentials were applied from
1.5 to 1.8 V to find the optimization potential for the Cu
replacement film. To provide the optimization of the Mn-based
electrolyte, its electrochemical behavior must be realized to control
some key process parameters, like the solution composition,
electroplating potential, and pH value (Ref 14). It has been known
that the ions of manganese could be only stably kept when the pH
is below 7. Nevertheless, its electroplating efficiency would be
affected with a slight change of pH value due to its high
sensitivity. Therefore, a detailed investigation of the pH influence
should be undertaken. Also, the coating rate would be confirmed
by the Mn films deposited for 10 and 15 min. After that, the as-
synthesized Cu-Mn structure was subsequently annealed in a 3N
N2 and another hydrogen-contained N2 atmosphere for 1 hour at
the temperatures of 400-900 �C to induce a solid-state reaction
between the Cu and Mn.

2.2 Characterization

In this work, the scanning electron microscopy and Energy-
dispersive x-ray spectroscopy (SEM EDS; temic) was used to
observe the surface morphology of samples. The x-ray diffraction
experiments (XRD; Philips PW1710 Cu Ka radiation) with range
20-80� was used to confirm the composition of the film. The
Raman spectroscopy (Bruker Senterra Dispersive Raman) was
performed at room temperature with range 200-900 cm�1 to
confirm the intermolecular bond of the film with different gas for
sintering. The x-ray photoelectron spectroscopy (XPS; Perkin
Elmer Model 5500) was performed to investigate the chemical
binding states of the constituent elements of the Cu-based
alloy film. The electrochemical analysis was obtained by using
linear swept voltammetry and cyclic voltammetry with sweep
window � 1.8 to � 0.9 V. The sheet resistance Rs of each
samples were measured by digital multimeter. The resistivity was
calculated by using the four-point probe method. For calculating
the TCR of the samples, each samples had to be soaked at the set
tempearture for 5 minutes before measuring the resistance. After
the value of the resistance at the designated temperature collected,
the TCR can be calculated by the equation below where the
resistance of R25 is 25 �C and the resistance of R125 is 125 �C:

TCR ¼ R125� R25ð Þ= R25� 100ð Þ ðEq 1Þ

3. Results and Discussion

3.1 Preparation of Cu Layer by Galvanic Displacement
with Al Thick Film

To confirm the time evolution of the Cu replacement from
Al film, the surface morphology of the films with different
replacement times is depicted in Fig. 2(a) to (d). Figure 2(a)
demonstrates the original Al thick film without any treatment
and some Al particles are stacked closely. After galvanic

Fig. 1 Flow chart of experiments

7254—Volume 33(14) July 2024 Journal of Materials Engineering and Performance



displacement for 25 min at 80 �C, some small Cu grains
appeared at the top of the film and the original Al particles
became uneven, implying that galvanic displacement has hap-
pened. As the galvanic displacement time increased, the surface
of Al thick film was gradually covered with a Cu layer.

When the galvanic displacement reached 75 min, the feature
of the Al particles had totally vanished.

This illustrated that the samples could reach the total-
replacement in the 75 min process time.

The crystallographic structures of the Cu films with different
galvanic displacement times were identified by XRD. The
Bragg reflection as shown in Fig. 3 demonstrates that the Al
thick film consists of the cubic Al (JCPDS No. 004-0787) and
c-Al2O3 of the hexagonal structure (JCPDS No. 046-1212)
without an obvious orientation, implying that the thick film was
crystallized under a relatively thermodynamic equilibrium. The
spectra at 43.3�, 50.4� and 74.2� are ascribed to (111), (200)
and (220) crystallographic planes of cubic Cu (JCPDS No. 004-
0836), respectively. Well-crystallized Cu thick films were
successfully formed via galvanic displacement based on the Al
thick films and exhibited preferred (111) orientation with a high
density and low resistance. This shows that the XRD patterns of
the Cu film replaced from 25 to75 min, and that the intensity of

the Cu peaks increased gradually as the galvanic displacement
time increased (Ref 15), reflecting to that the proportion of Al
replaced with Cu increased with increasing time.

3.2 Preparation of Mn Layer on Cu Layer by Electroplating

3.2.1 Effect of pH and Various Additives. The linear
sweep voltammetry (LSV) scanning results of the Mn-based
solution at different pH environments is depicted in Fig. 4. It
can be seen that the open circuit potential (OCP) is � 0.821 V
when the pH value of the solution is 2.4. Altough, as the pH
value increased, the OCP became more negative. The pH
limitation of our condition is at 6.7 and its OCP is � 0.834 V.
With a more negative potential, the distance between the OCP
and theoretical reduction potential decreased, and the current
efficiency is enhanced during the electroplating.

Figure 5(a) exhibits the CV scans with various amounts of
(NH4)2SO4 from � 1.8 to � 0.9 V. A peak at � 1.01 V is
shown in the positive scan, is attributed to the Mn oxidation.
However, in the negative scan, there are no peaks observed and
only a violent drop appeared over � 1.5 V. This drop is
implying that an electroplating reaction was happening in
that potential range. According to previous research (Ref 16),
the reduction peak of manganese is at � 1.63 V and it is

Fig. 2 (a), (b), (c) and (d) The top view of the Al thick film before and after the Cu galvanic displacement reaction for 25, 50 and 75 min,
respectively
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overlapping with the electroplating curve. Hence, the redox
reaction can be determined by the oxidation peak. As the
concentration of (NH4)2SO4 increased, the position shifted to a
higher voltage and the intensity became weaker (Ref 10). It was
shown that the coated Mn is more difficult to oxidize in a
solution that includes (NH4)2SO4. However, the efficiency of
the electroplating should consider not only the stability but also
the nucleation rate. With the various concentrations of

(NH4)2SO4, the 7 g/L (NH4)2SO4 in the solution could provide
better stability and electroplating efficiency. The additives used
were Ethylene thiourea (ETU), Dimethyloldimethyl hydantoin
(DMDMH) and a commercial mixed additive (K-additives) as
shown in Fig. 5(b), (c) and (d), which applied copper
electroplating and replacement. As seen on the figures, there
are no huge impact to the result (Ref 17).

Fig. 3 XRD analysis on the Al thick film before and after the Cu galvanic displacement reaction for 25, 50 and 75 min, respectively

Fig. 4 Linear sweep voltammetry scans of the film in the Mn-based solution with different pH environments
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3.2.2 Effect of the Electroplating Potential. The Mn
layer coated on a Cu film under 1.5, 1.6, 1.7 and 1.8 V in
10 minutes were confirmed by SEM as shown in Fig. 6(a), (b),
(c) and (d). Figure 6(a) shows the SEM micrographs of the
deposition under 1.5 V and some islands with a rough surface
were observed on the substrate. This could be attributed to the
deposition of the impurities because it was destroyed under
higher electroplating potential (Ref 18). When the potential
increased to 1.6 V, the new deposition in Fig. 6(b) became
uniform and the grains were visible with an average diameter of
1 lm. Corresponding to the elemental analysis, the coating
should be the manganese and the tiny impurities that were
absorbed on the surface or mixed between the grains. Further
increasing the potential to 1.7 and 1.8 V seems to have no
significant influence that shown in Fig. 6(c) and (d). From this
experiment demonstrated that the potential of 1.6 V is enough
for the deposition of the Mn film. Hence, the following
experiment would apply this potential for the electroplating of
the Mn layer.

3.2.3 Effect of the Electroplating Time. The Mn film
coated on the replaced-Cu film was deposited at 1.6 V for 10
and 15 min and is shown in Fig. 7(a) and (b) respectively.
When the deposition time is 10 min, the thickness of the Mn
layer is reached up to 4 lm. Moreover, it was notable that an

explosive growth of the thickness could be observed in the
electroplating time 15 min in Fig. 7(b) with average thickness
is 30 lm. The difference of the deposition rate is attributed to
the nucleation mechanism during the electroplating reaction. At
first, the Mn nucleation happened on the surface of the
replaced-Cu film, so the reaction was relatively slow because of
the heterogeneous nucleation. After awhile, the surface was
covered with some Mn grains and the growth mechanism
transferred to the second stage. The deposition prefers to occur
around the as-formed Mn grains, which could be attributed to
the homogeneous nucleation (Ref 19). Under this nucleation
mechanism, the reaction rate would become higher due to
lower activation energy. In other words, the deposition rate is
higher with a seed layer. From the as-known condition, the Mn
electroplating for 10 min is promising to form an alloy with a
Cu-Mn 9:1 ratio, so the following annealing experiments are
based on this condition.

3.2.4 Formation of CuMn Alloy Films by Anneal-
ing. After the annealing treatment to induce the solid state
reaction between the replaced Cu and electroplating Mn, the
XRD analysis was applied to determine the material structure.
Figure 8(a) to (d) shows the XRD patterns of the CuMn films
annealed at 450-900 �C in the N2 atmosphere. Figure 8(a)
indicates that the pattern of CuMn film is like the one of the

Fig. 5 (a), (b), (c) and (d) cyclic voltammetry scans of the film in the Mn-based solution with various (NH4)2SO4 co, DMDMH. ETU and K-
additive concentrations
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Fig. 6 (a), (b), (c) and (d)The top view of the electroplated Mn film on the replaced- Cu film under 1.5, 1.6, 1.7 and 1.8 V

Fig. 7 (a) and (b). The co-section and element mapping of the electroplated Mn film on the replaced-Cu film under the 1.6 V for 10 min and
15 min
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unannealed sample. There are no new diffraction peaks in the
diffraction pattern, illustrating that the driving force of the heat
is still not enough for the oxidation or the other solid-state
reaction. It has been reported that no peaks belong to the CuMn
phase. However, since manganese is apt to oxidize even if the
environment only contains a tiny amount of oxygen (Ref 20),
the appearance of the Mn-based oxides could be regarded as the
Mn element has been separated from the CuMn alloy film and
precipitated onto the surface.

The XRD pattern of the CuMn alloy film annealed at 600 �C
in an N2 atmosphere in Fig. 8(b) illustrates the original peaks
attributed to the Cu film decreased slightly and several new
diffraction peaks emerged at approximately 29.0�, 32.4� and
36.4� which could be assigned to (112), (103) and (200) planes
of the tetragonal Mn3O4 structure (JCPDS No. 024-0734),
respectively. The existence of Mn3O4 demonstrates that the
CuMn film would start deteriorating in the N2 environment if
the annealing temperature was higher than 600 �C. Figure 8(c)
shows the XRD pattern of the CuMn alloy film annealed at
750 �C. It seems that the Cu and Mn element didn�t develop a
further reaction because no new peak appears in the diffraction
pattern. The vanishment of the Al peaks is attributed to the
annealing temperature having been higher than the melting
point of Al. It causes the residual Al particles to melt in the
annealing process and re-oxidize in the cooling process.

Similarly, when the residual Al prefers to form oxides, it is
very difficult to diffuse into the Cu crystal and act as substitute
atoms for the Al atoms. Therefore, the oxidation of the Al
would not affect the formation of the CuMn alloy. Next, when
the annealing temperature increases to 900 �C, there is one new
diffraction peak at 40.9� as shown in Fig. 8(d) which could be
assigned to the (200) plane of the tetragonal MnO2 structure
(JCPDS no. 004-0591). The XRD results indicate that CuMn
alloy cannot be formed by annealing in N2 atmosphere at high
temperature due to the fact of Mn oxidation or the annealing
temperature is not high enough for the interdiffusion (Ref 21).

To confirm the feasibility of a hydrogen-containing anneal-
ing atmosphere, Raman spectroscopy was used to analyze the
vibrational properties related to the grain boundary phase of
CuMn alloy films without and with an annealing process in N2

or N2-H2 as shown in Fig. 9. There are no peaks seen in the
CuMn alloy film without annealing graph, which illustrated
that the as-deposited films didn’t present metal-oxygen bonds.
It is noted that the as-prepared CuMn films could be maintained
in a metallic state in an air environment. After annealing in N2,
the Raman spectrum of the films engendered three main peaks
at about 316, 371 and 655 cm�1, which are in good agreement
with the literature data for Hausmannite Mn3O4 (Ref 22). The
strongest peak at around 655 cm�1 in the Raman spectra of the
annealed samples is the characteristic of all spinel structures

Fig. 8 (a), (b), (c) and (d) XRD pattern of CuMn films after annealing at different temperatures in N2
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(Ref 23). This peak originated from a symmetrical stretching
mode of the MnO6 vibrational unit. However, the oxidation
formation causes the precipitation of Mn from Cu, which leads
to the separation between Cu and Mn. Raman spectra of the
CuMn annealed in N2-H2. The peak belonged to the Mn-O
bond at a 655 cm�1 decrease and even the peaks at 316 and
371 cm�1 almost vanished. It shows that the hydrogen-
containing atmosphere could effectively reduce the oxidation
for the Mn element during the annealing process. This result is
consistent with the XRD analysis above.

XPS was used to study the element bonding state of CuMn
composite film with and without H2 during thermal annealing at
900 �C in N2. The XPS survey spectrum in Fig. 10(a) shows
the peaks of Cu, Mn, and O elements without impurity peaks.
The narrow spectra of Cu 2p and Mn 2p of the CuMn
composite film are shown in Fig. 10(a). The Cu 2p spectrum of
the original Cu-Mn thin film in Fig. 5(b) consists of two spin-
orbit doublets, which corresponds to the different valence states
of copper (Ref 24). The larger doublets at 952.3 and 932.4 eV
are attributed to Cu 2p1/2 and Cu 2p3/2 of Cu0, respectively, and
the smaller doublets are assigned to Cu+ . The asymmetric Mn
3p spectrum of the Cu-Mn composite film is shown in
Fig. 10(a). The spectrum is deconvoluted into two sub-peaks
at approximately 49.1 and 50.1 eV, which correspond to the
trivalent and tetravalent states of manganese in the film
matching, respectively. In contrast, in Fig. 10(a), the investi-
gated spectra of Cu-Mn thin films containing H2 during thermal
annealing in N2 at 900 �C show similar spectral characteristics
to those shown in Fig. 10(b), indicating that in the post-
annealing process no other pollution occurred. Figure 10(b)
shows the Cu 2p spectrum of the film annealed in a hydrogen-
containing atmosphere. Even if annealed in a reducing
atmosphere, a monovalent Cu component will still appear on
the surface of the alloy film under such annealing conditions. In
contrast, the Cu 2p spectrum with deconvolution peaks in

Fig. 10(b) show that the CuMn alloy film subjected to thermal
annealing in N2-H2 shows that the area ratio of the Cu+ spin-
orbit doublet becomes smaller, which is due to the prevention
of oxide being formed during the post-annealing process. The
Mn 3p spectrum of the corresponding sample is shown in
Fig. 10(b), which is used to explain the Cu 2p XPS results. The
peak attributable to Mn 3p indicates a red shift during the
hydrogen-containing annealing process, indicating the presence
of metallic Mn in the CuMn film. The Mn 3p spectrum of the
alloy film annealed in N2-H2 shows that compared with the
trivalent and tetravalent states of manganese, the intensity of
the metallic manganese sub-peaks is significantly increased,
which is related to the trivalent and tetravalent states of
manganese. The intensity of the sub-peak is relatively reduced
from CuMn film annealed in N2. The valence of manganese
atoms is closely related to the morphology of the film. A similar
phenomenon in which a CuMn alloy deteriorates during
annealing has been proposed in previous work (Ref 25).
According to Iijima et al. even 1 ppm of residual oxygen during
the annealing process can oxidize Mn to MnOx (Ref 26). This
phenomenon is very consistent with our findings. Although our
annealing is carried out in a N2 environment, the oxidation of
Mn is still possible. The XPS results here show that the N2-H2

annealing atmosphere used for the CuMn alloy film allows
more phase changes during the annealing process; manganese
is still in a metal-bonded state and has not been reduced to a
metal-bonded form.

Figure 11(a), (b) and (c) show microstructure and element
mapping of CuMn film before and after annealing at 900 �C for
1 h in N2.and in N2-H2.The results revealed that the grains on
the surface were grown after annealing at 900 �C for 1 h in
N2.and in N2-H2. The films annealed in N2 performed two
forms of particles: one is larger and smooth and the other is
smaller and covered with cracks, assigned to Cu and MnO2

regions. Instead of separation, the films annealed in N2-H2

Fig. 9 Raman shift of the CuMn alloy films before and after annealing in N2 and N2-H2
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demonstrated an even and homogeneous surface, implying a
good phase transformation of the CuMn alloy film through the
Cu-Mn interdiffusion (Ref 27). Figure 11(b) shows the cross-
section of Cu-Mn films after annealing at 900 �C in N2 for
30 min, where no Mn atom diffusion is observed. On the other
hand, Fig. 11(c) shows the cross-section of Cu-Mn films after
annealing at 900 �C in N2-H2 for 30 min, where the Mn atoms
continually diffuse into the interface and the grains of Cu also
grow up at the same time. From the SEM analysis, we could

observe that the CuMn films annealed with and without
hydrogen in nitrogen performed different morphologies It
seems that the oxidation of Mn plays an important role to
determine the morphologies during thermal process.

There is a self-forming layer at the interface, and there are
swellings in several places in these layers since the Mn atoms
diffuse along the grain boundary (Ref 19, 28), and some of the
atoms are trapped on the bottom of these paths. The chemical

Fig. 10 (a) and (b) The survey scan spectra, the Cu 2p narrow scan spectra and the Mn 3p narrow scan spectra of the CuMn film annealed at
900 �C for 1 hr in N2 and N2+H2
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potential and the activity coefficient of Mn are shown in the
following Eq 2.

lMn ¼ laCu þ RTLnNMn þ RT ln cMn ðEq 2Þ

where lCu is the chemical potential of pure Cu, lMn is the
atomic concentration of Mn, and RT has its usual meaning.
According to the equation, the chemical potential and the
activity coefficient of Mn are very sensitive to the atomic
concentration of Mn.

From the SEM analysis, we could observe that the CuMn
films annealed with and without hydrogen in nitrogen per-
formed different morphologies and the oxidation act had an
important role during the process. Also, SEM results are
corresponding to the results of Raman and XPS, which could
provide information for the synthesis of the CuMn alloy. In the
following section, the electrical properties would be discussed
with the resistivity and TCR.

4. Resistivity and TCR of the CuMn Alloy Film
after Annealing

To investigate the electrical properties of the annealed
samples with different annealing temperatures, the resistivity of
the samples annealed in N2-H2 were measured in the range of
25-125 �C as shown in Fig. 12. It is obvious that the resistivity
of the CuMn films is abruptly increased to 500 lX-cm after
700 �C annealing in N2-H2. It is attributed to the formation of
the CuMn alloy film. It reached the highest resistivity of

1000 lX-cm when the annealing temperature was 900 �C. The
TCR of the films annealed in N2-H2 decreased as the annealing
temperature increased and it has the lowest TCR of 150 ppm at
900 �C. In fact, the electrical behavior of the CuMn films is
closely related to its crystal structure. F. Misják and his co-
workers found that the TCR of the CuMn alloy film could
decrease due to the resence of the amorphous CuMn (Ref 29).
The disordered structures with weakly localized electrons and a
very high frequency of scattering would lead to lower
conductivity and thermal stability. However, the oxidation
would induce the deterioration of the CuMn alloy, resulting in
the TCR of a metallic type. It has been reported that the
oxidation situation of the CuMn film would occur even it was
exposed to the N2 atmosphere. The low content of oxygen in
the nitrogen is enough for the phase transformation from Mn to
Mn-oxides. The presence of Mn-oxides would induce the
separation between Cu and Mn. Therefore, the resistivity is
fixed because the current prefers to flow to the Cu region with
low resistance. The remarkable fact for this alloy is that the
value of the resistance, its temperature coefficient was largely
affected by a small oxidization, since manganese has a large
affinity with oxygen. When the alloy is oxidized, the specified
temperature, where the temperature coefficient of the resistance
of CuMn alloy changes from positive to negative, decreases.
The temperature variation of the resistance of the CuMn alloy
sensitively depends on the effect of the third element, the
oxidization of the surface and the working-up of the specimen
(Ref 30).

There are alloys which have the negative temperature
coefficient of the resistance, but it should be noted that these

Fig. 11 Microstructure and element mapping of CuMn film (a) before and after annealing at 900 �C for 1 h in (b) N2 and (c) in N2-H2
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alloys have one or two transition metals as their constituents. It
is well known that the transition metals have the incomplete d-
shell and their physical properties, are more complex than other
metals. The resistance of the transition metals is determined
mainly by the behaviors of the s -electrons, but there is an
empty part of d-band, which has considerably larger state
density than s-band. The resistance of the transition metals is
affected by the transition of the conduction electrons than the s-
transition. Hence, when the state density of the Fermi surface of
the d-band remarkably decreases with rising temperature in
suitable combination of copper and manganese, CuMn alloy
has a negative temperature coefficient (Ref 31).

5. Conclusion

In this work, the CuMn alloy film was successfully prepared
by electrochemical deposition and post-annealing based on the
Cu-Mn structure and the hydrogen-containing annealing atmo-
sphere. The electrodeposited CuMn film annealing at 900 �C in
N2-H2 shows promising properties including of TCR
(150 ppm) with resistivity (1000 lX-cm).

Well-crystallized Cu thick films were successfully formed
via galvanic displacement based on the Al thick films and
exhibited preferred (111) orientation with a high density and
low resistance. In the CV negative scan, no peaks could be
observed and only a violent drop appeared over � 1.5 V,
implying that a Mn electroplating reaction was happening. The
results revealed that the higher pH value could improve the
potential and proper (NH4)2SO4 could both prevent the Mn
oxidation and increase the nucleation rate of Mn.

Compared to the pure nitrogen annealing atmosphere, the
hydrogen-containing environment could not only reduce the
oxidation during the post-annealing process but also promote
the interdiffusion between the Cu and Mn. The films annealed
in N2-H2 demonstrated an even and homogeneous surface,
implying a good phase transformation of the CuMn alloy film
through the Cu-Mn interdiffusion.
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