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In this study, we fabricated thin-film resistors using CuMn and yttrium targets by DC/RF magnetron cosputtering. CuMnY-
resistive thin films were deposited onto glass and Al,O; substrates. The electrical properties and microstructures of CuMn alloy
films with different yttrium content were investigated. The CuMnY films were annealed at temperature ranging from 250°C to
350°C in N, atmosphere. The phase variation, microstructure, film thickness, and constitutional analysis of CuMnY films were
characterized using X-ray diffraction, field emission scanning, and high-resolution transmission electron microscopy and related
energy dispersive X-ray analyses (XRD, FESEM, and HRTEM/EDX). It was found that CuMnY alloy films separated into two parts
after annealing. The first part is the MnO phase on the bottom side of the film. The second part is an amorphous structure on the
upper side of the film. The MnO phase is a microcrystalline that exists in CuMn films, which is dependent on the Y content and
annealing temperature. CuMn alloy films with 15.7% yttrium addition annealed at 300°C exhibited higher resistivity ~4000 yQ-cm
with —41 ppm/°C of temperature coefficient of resistance (TCR).

1. Introduction

High-speed technological advancements have occurred
rapidly in the electronics industry, such as in telecommu-
nication, information, and aerospace. The precision mea-
surement sector of industry requires continuous electronic
components development to achieve higher precision, re-
liability, and integration [1]. There are some advantages for
thin-film resistors such as high accuracy and low noise, low
temperature coeflicient of resistance (TCR), good heat re-
sistance, and stability, which make them widely used in
precision electronic instruments. The resistive film in thin-
film resistors is deposited onto a ceramic or glass matrix
using a sputtering process [2-4].

Copper-manganese alloy films are used in mobile
electronic devices because of their high thermal stability and
low resistance. Copper has low electrical resistivity while
manganese has thermal stability in this CuMn alloy system
[5]. Based on the equilibrium phase diagram, there are no
intermetallic phases in the CuMn system. Copper can serve

as a substitute species for Mn in the FCC lattice [6]. A
characteristic feature of Mn in Cu is its larger activity co-
efficient compared with other elements that have limited
solubility, such as Al and Mg [7]. However, Mn does not
tend to precipitate or segregate within the Cu film but can
easily diffuse out to the surface and interface under oxidative
conditions [8].

The specific resistivity of CuMn films was measured over
the whole composition range [9]. The resistivity of pure
manganese and copper films was 174 pQ-cm and 1.7 pQ-cm,
respectively. The Cup,Mngg alloy films have a maximum
resistivity of 205 uQ-cm with a temperature coefficient of
resistance (TCR) of =308 ppm/°C. Focusing on the electrical
properties of Cug sMn, 5 alloy films, the resistivity was about
137 uQ2-cm with a TCR of -377 ppm/°C. There is a higher
TCR value in the CuMn alloy films. However, the low TCR
property is one of the most important qualities of resistors
for electronic circuits [10].

To improve CuMn-resistive film electrical properties,
foreign elements are added into the CuMn alloy films during
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cosputtering. Lee et al. studied the electrical properties of
Cu-Mn films with different amounts of Dy addition. Cu-Mn
films with 40 at.% Dy addition that were annealed at 300°C
exhibited a resistivity of ~2100uQ-cm with the smallest
temperature coefficient of resistance (—85ppm/°C) [11].
Yttrium was chosen as the dopant in the current work
because of its high melting point (1526°C) and thermal
stability, which may be advantageous for resistive thin film
thermal stability. The phase, microstructure, and electrical
property of CuMn thin films with different yttrium content
are investigated in this study.

2. Experimental Procedure

2.1. CuMnY Thin-Film Preparation. CuMnY thin films with
a thickness of 80 nm were prepared onto substrates using a
direct current (DC) radio frequency (RF) magnetron
cosputtering system. A CugsMn, 5 alloy target with 99.95%
purity was set at the DC position with a yttrium target with
99.9% purity set at the RF position. The target diameter was
76.2mm. The DC power was fixed at 50 W with the RF
power changed in range from 60 W to 100 W. A background
pressure of 4x107 torr in the sputtering chamber was
maintained using a cryo-pump. Argon gas was executed with
a purity of 99.999% at a flow rate of 60 sccm using mass flow
controllers with 3 x 10~ torr working pressure maintained.
Glass substrates 20 x 10 mm?, silicon wafers 10 x 10 mm?,
and Al,O; substrates were used for the sheet-resistance
measurement, film thickness analysis, and TCR measure-
ments, respectively. Alumina substrates with cell sizes of
1.6 x 0.8 mm printed Ag electrodes were used in this study.
The as-deposited films were annealed at 250, 300, and 350°C
for 2 hours at a heating rate of 5°C/min in N, atmosphere. N,
gas with a purity of 99.99% was used in this study.

2.2. Analysis. The sheet resistance R, is usually used to
characterize material resistivity using thin-film deposition.
The four-point probe technique is the measurement method.
The film thickness is measured after cosputtering using field-
emission scanning electron microscopy (FE-SEM, Hitachi
S-4700 Japan) on a film cross section. The thin-film TCR
values were measured on long thin strips cleaved from the
substrate. Electrical contacts at the two ends of the resistive
strips were obtained by selectively coating the ends with
sputtered silver. The DC resistance of the strips was mea-
sured using a digital multimeter (HP 34401A) at different
temperatures (25°C and 125°C). The thin-film TCR was
measured using the following equation [11]:

AR 1 .
TCR = [E X E] x 10"ppm/K. (1)

X-ray diffraction (XRD, Bruker D8A Germany) was used
to determine the crystalline phases. An electron probe
microanalyzer (EPMA, JEOL JXA-8900R Electron Probe
X-ray Microanalyzer) was used to analyze the film com-
positions. Microstructural, selected-area diffraction (SAD)
patterns, and EDX (energy dispersive X-ray spectroscopy)
analysis of the specimens were executed using a field-
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emission transmission electron microscopy (FE-TEM,
FEIE.O. Tecnai F20) equipped with an energy dispersive
spectrometer at an accelerating voltage of 200kV.

3. Results and Discussion

CuMnY films were prepared using a DC and RF magnetron
cosputtering system. The composition of as-deposited thin
films at different RF powers was analysed using the electron
probe microanalyser (EPMA). The results are listed in
Table 1. The results showed that by increasing the RF
sputtering power, the Y to CuMn content ratio tends to
increase while the CuMn content decreased and the Y
content increased. As the RF sputtering power increases
from 60 W to 100 W, the Y content increases from 8.7 at.%
to 19.6 at.% in the CuMn thin films. The yttrium growth
rate increased with increasing RF sputtering power. At
higher powers, the bombarding ions will have higher ki-
netic energy because of momentum transfer, and the target
atoms will be sputtered out. Significantly more species will
be ejected from the target, resulting in a higher deposition
rate.

X-ray diffraction data from the as-deposited and
annealed samples with different yttrium content are pre-
sented in Figure 1. The increase in scattered intensity at
20=~41" is related to the MnO (200) for CuMn films
annealed at 250°C in N, atmosphere. However, all of the
CuMnY films annealed at 250°C in N, atmosphere have an
amorphous structure as shown in Figure 1(a). When the
annealing temperature was increased up to 300°C, Cu and
MnO phases were observed in the pure CuMn alloy films.
However, there is a Cu crystallization phase with a (111)
peak observed only in CuMn films with 19.6 at.% yttrium, as
shown in Figure 1(b). The increase in MnO peak scattered
intensity was observed at 350°C in pure CuMn alloy films.
This means that CuMn alloy films critically oxidized.
According to Bragg’s law and selection rule, 20 values of the
first three diffraction peaks (111), (200), and (220) of MnO
rock salt-structured using Cu k, radiation are located at
35.1%, 40.3%, and 58.7°, respectively. Note that a Cu crystal-
lization phase existed only in the CuMn films at 350°C when
yttrium was added at >15.7%, as shown in Figure 1(c). This
indicates that yttrium addition in CuMn films leads to film
oxidation resistance.

Transmission electron microscopy (TEM) analysis was
performed to determine the specimen crystallographic
structure. Diffraction pattern analysis and corresponding
images from the SAD patterns are commonly applied to
identify the sample crystallinity and orientation. Figure 2 is a
cross-sectional TEM micrograph of the pure CuMn sample
after 350°C annealing in nitrogen atmosphere. The film
thickness was found to be about 60nm as shown in
Figure 2(a). However, the sample was separated into two
parts, a top layer and a bottom layer. In the bottom layer,
SAD analysis shows MnO crystallites in Figure 2(b). The
Cu,0 phase was detected in the top layer according to SAD
analysis and high-resolution TEM micrograph, as shown in
Figures 2(c) and 2(d). This phenomenon was explained by
Lee et al. [12].



Advances in Materials Science and Engineering

TaBLE 1: CuMnY thin-film composition prepared at DC 50 W with different RF powers sputtered onto cooper sheet.

Power (W) DC/RF 50/60 50/80 50/100

Cu 61.3 54.7 52.6
Element (at%) Mn 30 29.6 27.8
Y 8.7 15.7 19.6
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F1GURE 1: CuMnY thin-film X-ray diffraction patterns with various amounts of yttrium addition annealed at (a) 250°C, (b) 300°C, and (c) 350°C.

Figure 3 shows the CuMn alloy films with 8.7 at.% Y
addition annealed at 300°C for a cross-section TEM mi-
crograph and SAD analysis. It is clear that microcrystalline
phases 5-10 nm in diameter are present on the bottom layer
as shown in Figure 3(b). The oxide particles, identified as
MnO by SAD pattern analysis, are shown in Figure 3(c). This
layer was oxidized by oxygen that came from the substrate.
On the film top side, an amorphous structure existed in the
CuMnY film from high-resolution transmission electron
microscopy analysis. This result is consistent with the XRD

analysis (Figure 1(b)). Mn is a transition metal, having
variable valence, and hence, Mn can be found in different
oxidation states (Mn**, Mn>*, and Mn*"). Different crys-
talline phases such as MnO, MnO,, Mn,03, and Mn;0, exist
[13]. Figure 4 shows CuMn alloy films with 19.6 at.% Y
addition annealed at 300°C for a cross-section TEM mi-
crograph and SAD analysis. With yttrium addition up to
19.6 at.%, some microcrystalline phases with ~5nm in di-
ameter on the bottom side still are observed as shown in
Figure 4(b). SAD pattern analysis showed that the
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FIGURE 2: CuMn film TEM micrographs annealed at 350°C: (a) cross-section bright field, (b) selected-area electron diffraction at position A,
(c) selected-area electron diffraction at position B, and (d) HRTEM micrographs at position B.
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FIGURE 3: CuMn film TEM micrographs with 8.7 at.% Y addition annealed at 300°C: (a) cross-section bright field, (b) selected-area electron
diffraction, (c) SAD analysis, and (d) HRTEM micrographs.

microcrystalline phases belonged MnO phase as shown in  at.% Y addition. This means that the oxidation level in CuMn
Figure 4(c). However, MnO crystallinity obviously decreased ~ films is dependent on the Y addition. This result indicates
in CuMn films with 19.6 at.% Y addition compared with 8.7  that more Y added into CuMn alloy films can reduce MnO
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FIGURE 4: CuMn film TEM micrographs with 19.6 at.% Y addition annealed at 300°C: (a) cross-section bright field, (b) selected-area electron

diffraction, (c) SAD analysis, and (d) HRTEM micrographs.
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FIGURE 5: CuMn film TEM micrographs with 19.6 at.% Y addition annealed at 350°C: (a) cross-section bright field, (b) selected-area electron

diffraction, (c) SAD analysis, and (d) HRTEM micrographs.

formation. Figure 5 shows a cross-sectional TEM bright field
micrograph and SAD analysis of the CuMn alloy films with
19.6 at.% Y addition annealed at 350°C. With increasing
annealing temperature up to 350°C, there is more micro-
crystallinity on the bottom side observed as shown in
Figure 5(b), and the film still has an amorphous structure on
the upper side. The oxidation compounds were still MnO
phases according to the SAD pattern analysis as shown in
Figure 5(c). Unlike CuMn alloy films (all the films were
crystallized or oxidized), we found that an amorphous
structure still existed in CuMnY annealed films. This may be
due to the multiple element alloy effect, which can be
explained by the kinetics theory because of slow atomic
diffusion [14, 15]. Yttrium addition in CuMn films leads to
the formation of an amorphous structure and reduced
oxidation after annealing at 350°C.

Figure 6 shows the effects of yttrium addition on the
resistivity of CuMn alloy films at different annealing tem-
peratures. Yttrium addition can significantly enhance CuMn
film resistivity. This is due to a gradual decrease in CuMnY

alloy film copper with increasing yttrium (Table 1). Wang
et al. reported that yttrium can cause grain refinement in the
Y-Cu system during mechanical alloying [16]. However, it is
well known that a decrease in the grain size can enhance the
grain boundary and therefore increase the electrical re-
sistivity [17]. The resistivity of yttrium and copper is 56 uQ-
cm and 1.7 uQ-cm, respectively. Yttrium addition could
enhance CuMn film resistivity. On the other hand, an alloy
film amorphous structure can be obtained by yttrium ad-
dition. This phenomenon also enhances CuMnY film re-
sistivity [16]. However, with the increase in annealing
temperature, CuMnY film resistivity increased. The alloy
film resistivity increases because the film grain boundaries,
crystal defects, and generated oxides increased when the
annealing temperatures were increased [17]. Figure 7 shows
the yttrium addition and annealing temperature effects on
the CuMn film temperature coefficient of resistivity. Misjak
et al. reported that TCR shows a negative value after Mn
added at amounts higher than 20% to Cu because of the
presence of disordered structures that lead to lower
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conductivity [9]. It was found that the TCR changes sig-
nificantly from a positive value to negative value with in-
creasing yttrium content at annealing temperatures from

250°C to 350°C. This phenomenon indicates that the TCR
value is influenced by the yttrium content in CuMn films.

4. Conclusion

The annealing temperature and Y content effects on CuMnY
thin-film electrical properties were investigated in this study.
Two layers exist in CuMnY films at >300°C annealing in N,
atmosphere. The first layer is an amorphous layer on the
upper side. The second layer is a MnO phase on the bottom
side. The MnO microcrystalline phase exists in CuMn films
dependent on the amount of Y addition and annealing
temperature. Unlike CuMn alloy films, an amorphous
structure exists in CuMnY annealed films. This may be due
to the multiple element alloy effect. Yttrium addition in
CuMn films leads to the formation of an amorphous
structure and reduces oxidation after annealing. CuMn films
with 15.7 at.% yttrium addition annealed at 300°C exhibited
a resistivity of ~4000 yQ-cm with the smallest temperature
coeflicient of resistance (—41 ppm/°C).
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