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a b s t r a c t

CuMg (CM) and ITO/CuMg (ICM) films with Mg contents ranging from 30 to 65 at% are deposited on glass
substrates and are then treated by furnace annealing and laser annealing. The structural, optical and
electrical properties of the as-deposited and annealed samples are investigated and compared. It is
shown that as the Mg content increases, the sheet resistance of the CM film increases, while the
transmittance decreases. For a Mg content of 49 at%, the bi-layer ITO/CM structure improves the
transmittance from 62.6% (CM) to 75.6% (ICM) and reduces the resistance from 51.3 U/, (CM) to 49.5 U/
, (ICM). Moreover, following furnace annealing at 200 �C, the transmittance of the ICM sample is further
improved to 78.5% while the sheet resistance is reduced to 32.4 U/,. The corresponding figure of merit
is equal to 2.74 � 10�3 U�1, and is thus similar to that of commercial ITO film (2.68 � 10�3 U�1). The
optimal laser annealing parameters for the Cu51Mg49 ICM sample are found to be a pulse energy of 1 mJ
and a repetition rate of 250 kHz. Given the use of these parameters, the ICM film has a transmittance of
77.5% and a sheet resistance of 26.5 U/,. The corresponding figure of merit has a value of
2.94 � 10�3 U�1. Finally, the relative change in resistivity of the as-deposited Cu43Mg57 ICM sample
following fatigue testing with a bend radius of 7 mm (DR/R0 ¼ 0.21) is significantly lower than that of a
pure ITO film of roughly equivalent thickness (DR/R0 ¼ 0.93).

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Transparent conducting oxide (TCO) films are widely used for
such applications as solar cells, organic light-emitting diodes
(OLEDs), touch panels, and flat panel displays [1e3]. Among the
various TCOmaterials available, indium-tin oxide (ITO) is one of the
most commonly used due to its low electrical resistivity and high
optical transmittance in the visible range. However, to minimize
the sheet resistance, the thickness of the ITO film should exceed
100 nm [4,5]. To address this problem, the literature contains many
proposals for minimizing the ITO cost by means of doping, sput-
tering, or amultilayer design [6e8]. In the latter case, the structures
typically comprise a middle layer fabricated of a highly-conductive
metal such as silver or copper and an upper TCO layer with a
thickness of around 5e20 nm. Many studies have shown that such
structures yield both good optical transmittance in the visible light
range and high electrical conductivity [9e14]. Thin film metallic
glasses (TFMGs) have many desirable properties, including a low
n).
surface roughness, high strength, and good mechanical and phys-
ical properties [15e18]. Furthermore, the fatigue properties of
TFMG hybrid structures are superior to those of commercial
monolithic products [19]. As a result, they have found an increasing
number of engineering applications in recent years.

Many studies have shown that the optical and electrical prop-
erties of thin films can be improved through furnace annealing
[20e22]. The literature also contains various proposals for the
localized annealing of TCO films using pulsed-laser systems
[23e27]. In general, the laser annealing process not only improves
the optical and electrical performance of the film, but also reduces
the residual stress given a suitable repetition rate [27]. Conse-
quently, the fatigue resistance of the film under bending loads is
significantly improved. Furthermore, the fatigue properties of
TFMG hybrid structures are superior to those of commercial
monolithic products [19].

Lin [28] showed that the optical and electrical properties of MG-
based bi-layer films are dependent on both the thickness and the
composition of the MG layer. Accordingly, the present study de-
posits CuMg (CM) monolithic films and ITO/CuMg (ICM) bi-layer
films with Mg contents ranging from 30 to 65 at% on glass
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substrates. The as-deposited CM and ICM films are then treated by
furnace annealing and laser annealing. The structures and surface
morphologies of the various films are examined by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersive
spectrometry (EDS), respectively. In addition, the optimal annealing
processes are determined by evaluating the electrical and optical
properties of the samples are evaluated using a four-point probe
technique and spectrophotometry, respectively. Finally, the fatigue
properties of the ICM samples are examined by means of cyclic
bending tests and compared to the performance of commercial
products.
Fig. 2. Sheet resistance and optical transmittance of as-deposited CM films.

2. Experimental

Glass substrates were purchased from Nippon Electric Glass Co.
with a thickness of 0.7 mm and an optical transmittance of 92% for
an incident wavelength of 550 nm. The CM and ICM films were
deposited on the glass substrates using a magnetron sputtering
system (Kao Duen Co.) equipped with an ITO target with a
composition of 90 wt% In2O3 and 10 wt% SnO2 (ICM films only), a
pure Cu target, and a pure Mg target. For all of the samples, the
sputtering process was performed using an Ar flow rate of 30 sccm,
a base pressure of 2 � 10�6 torr, and a working pressure of 5 mtorr.
In every case, CM films with a thickness of 10 nmwere deposited on
the glass substrate. For the ICM films, an additional ITO layer with a
thickness of 30 nmwas then sputtered on the CM layer. To evaluate
the effects of the composition of the CM layer on the optical and
electrical properties of the CM and ICM films, the discharge power
of the Cu target was varied in the range of 20e70 W in order to
obtain four different CM films, namely Cu70Mg30, Cu51Mg49,
Cu43Mg57 and Cu35Mg65.

The as-deposited CM and ICM films were treated using two
different annealing processes, namely furnace annealing and laser
annealing. To identify the optimal annealing parameters, the
furnace annealing process was performed at various temperatures
in the range of 150e300 �C using a heating rate of 5 �C/min and
holding an hour in every case. The laser annealing process was
carried out using a fiber laser (SPI-12, UK, wavelength 1064 nm)
with repetition rates ranging from 100 to 400 kHz and irradiation
powers in the range of 42e545mW. For all of the samples, the laser
scanning speed was set as 5 mm/s, the laser spot size as 40 mm, and
the pulse duration as 30 ns. The pulse energy (E) was computed as
[29]

E ¼ PAVG /rep, (1)

where PAVG and rep denote the average power of the pulse laser and
Fig. 1. (a) XRD patterns of CM films,
the laser repetition rate, respectively. From Eq. (1), it is seen that the
pulse energy reduces as the repetition rate increases. For the irra-
diation powers and repetition rates considered in the present study,
the pulse energy varied from 0.5 to 2 mJ.

The morphologies and structure of the as-deposited and
annealed films were examined by scanning electron microscopy
(SEM, JSM-7600F) and in-plane X-ray diffraction (XRD, Bruker D8
Advance). In addition, the sheet resistance was measured using a
four-point probe (SR-H1000C). Finally, the optical transmittance
was measured over the range of 200e1100 nm using a UVevis-IR
spectrophotometer (Lambda 35, PerkinElmer).

The performance of the various CM and ICM films was evaluated
by means of the following figure of merit [30]:

fTC ¼ T10/R, (2)

where T is the transmittance (expressed in percentage terms) and R
is the sheet resistance (expressed in units of U/,).

The fatigue properties of the as-deposited ICM samples were
examined by measuring the change in electrical resistivity of the
samples during cyclic bending tests performed with bending cur-
vature radii (R) of 13.5 mm,15.5 mm and 17.5 mm, respectively. The
bending strain ε was calculated as

ε ¼ hs/2 R � 100 %, (3)

where hs is the thickness (PET substrate 50 mm). The bending strain
per cycle was therefore equal to 0.36% for bending radii of 7 mm.
3. Results and discussion

Fig. 1(a) shows the X-ray diffraction patterns of the as-deposited
(b) SEM image of Cu51Mg49 film.



Table 1
Sheet resistance and optical transmittance of as-deposited CM and ICM films.

Cu70Mg30 Cu51Mg49 Cu43Mg57 Cu35Mg65

CM Rs
T%

40.5 U/,
66%

51.3 U/,
62.6%

55.4 U/,
55.7%

61.2 U/,
50%

30 nm ITO/
CM

37.8 U/,
73.4%

49.5 U/,
75.6%

52.7 U/,
72.6%

59.8 U/,
67%

Table 2
Sheet resistance and optical transmittance of furnace-annealed ICM films.

ITO/
Cu70Mg30

ITO/
Cu51Mg49

ITO/
Cu43Mg57

ITO/
Cu35Mg65

150 �C Rs
T%

32.4 U/,
73.3%

37.8 U/,
78.2%

43.7 U/,
78.5%

52.7 U/,
74%

200 �C 34.2 U/,
73%

32.4 U/,
78.5%

38.7 U/,
79.2%

47.3 U/,
76.6%

250 �C 40 U/,
71%

31 U/,
78.1%

423 U/,
76.5%

387 U/,
78.1%

300 �C 65.7 U/,
70.7%

92.3 U/,
76.7%

495 U/,
77.8%

405 U/,
78.5%

Fig. 4. Figure of merit values of furnace-annealed ICM films.
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Cu70Mg30, Cu51Mg49, Cu43Mg57 and Cu35Mg65 films. The absence of
any distinct diffraction peaks in the XRD profiles indicates that all of
the CM films have an amorphous structure. Moreover, the SEM
image of the Cu51Mg49 sample shown in Fig. 1(b) shows that the
film surface has a smooth and continuous appearance with no
obvious crystalline characteristics. The morphology is similar to
that reported for ZrCu deposited on glass substrates [31].

Fig. 2 shows the sheet resistance and optical transmittance of
the as-deposited CM samples. It is seen that the sheet resistance
increases with an increasing Mg content from 40.5 U/, for the
Cu70Mg30 sample to 61.2U/, for the Cu35Mg65 sample. By contrast,
the transmittance of the CM films decreases from 66% to 50% as the
Mg content is increased from 30 at% to 65 at%. In general, the results
confirm that the electrical and optical properties of the as-
deposited CM film are improved given a lower Mg content.

Table 1 shows the sheet resistance and transmittance properties
of all the as-deposited CM and ICM films. It is observed that the
sheet resistance of the ICM films is lower than that of their CM
counterparts. For example, given an Mg content of 30 at%, the ICM
film has a sheet resistance of 37.8 U/sq, while the CM film has a
resistance of 40.5 U/sq. For both types of film (i.e., monolithic and
bi-layer), the sheet resistance increases with an increasing Mg
content. As commented above, the transmittance of the CM films
reduces continuously as the Mg content increases. By contrast, for
the ICM film, the transmittance increases as the Mg content is
increased from 30 to 49 at%, but then decreases as theMg content is
further increased to 65 at%. Overall, the results show that the bi-
layer structure improves the optical transmittance by around
11e30% compared to themonolithic films. Fig. 3 shows the figure of
merit values of all the as-deposited CM and ICM films. The results
confirm that the bi-layer films provide a better electrical and optical
performance than the monolithic films. Furthermore, it is seen that
of all the films, the Cu51Mg49 ICM film achieves the best overall
performance (i.e., a figure of merit equal to 1.23 � 10�3 U�1).

Table 2 shows the sheet resistance and optical transmittance
properties of the furnace annealed ICM bi-layer films. It is seen that
for annealing temperatures of 250 �C and 300 �C, the films have a
high electrical resistivity; particularly those with a higher Mg
content. Of the films annealed at 150 �C and 200 �C, the Cu51Mg49
ICM film annealed at 200 �C has an optical transmittance of 78.5%
Fig. 3. Figure of merit values of as-deposited CM and ICM films.
(representing a 4% improvement over the as-deposited film
(75.6%)) and a sheet resistance of 32.4 U/, (representing a 34%
improvement over the as-deposited film (49.5 U/,)). Fig. 4 shows
the figure of merit values of the various furnace annealed ICM films.
The results show that the optimal figure of merit (2.74 � 10�3 U�1)
is obtained by the ICM film with an Mg content of 49 at% and an
annealing temperature of 200 �C. It is noted that the figure of merit
value is similar to that of commercial ITO film (2.68 � 10�3 U�1).
Fig. 5(a) and (b) present SEM images of the Cu43Mg57 ICM films
annealed at 200 �C and 250 �C, respectively. The surface in Fig. 5(a)
has a smooth and continuous characteristic. As a result, the film has
a relatively low electrical resistivity (i.e., 38.7 U/,, Table 2).
However, for the sample annealed at 250 �C (Fig. 5(b)), the surface
contains discontinuous island structures as a result of the increased
surface energy [32]. Consequently, the film has an extremely high
sheet resistance of 423 U/, (Table 2).

Fig. 6 shows the figure of merit values of the various laser-
annealed ICM films. As for the furnace-annealed samples, the
Cu51Mg49 ICM film achieves the highest figure of merit of the
various films for all values of the repetition rate. From inspection,
the optimal annealing parameters for the Cu51Mg49 ICM film are
seen to be a pulse energy of 1 mJ and a repetition rate of 250 kHz.
The resulting figure of merit is equal to 2.94 � 10�3 U�1.

Fig. 7 presents SEM images of the ICM films annealed using
various pulse energies and repetition rates. It is seen that for each
film, the surface is discontinuous and contains island structures at
higher values of the repetition rate. As described above for the
furnace-annealed samples, the formation of these island structures
can be attributed to a greater power energy under a higher repe-
tition rate. For the Cu51Mg49 ICM sample, the sheet resistance and
transmittance were found to be 26.5 U/, and 77.5%, respectively,
given a pulse energy of 1 mJ and a repetition rate of 250 kHz.
However, for a higher repetition rate of 400 kHz, the sheet resis-
tance increased to 70.2 U/, as a result of the discontinuous island
structures. The figure of merit increased accordingly up to
2.94 � 10�3 U�1.



Fig. 5. SEM images of Cu43Mg57 ICM films furnace annealed at: (a) 200 �C, and (b) 250 �C.

Fig. 6. Figure of merit values of ICM films laser-annealed with different pulse energies
and repetition rates.

Fig. 7. SEM images of ICM films laser-annealed with different pulse energies and
repetition rates.

Fig. 8. Relative change in resistivity of as-deposited ICM films and ITO film during
fatigue tests performed with bending radii 7 mm.
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For ICM films subject to bending fatigue loading, micro-cracks
and defects are formed in the microstructure, which result in
scattering and degradation of the in-situ electrical resistivity
measurements as the number of fatigue cycles increases [19]. In the
present study, the change in electrical resistivity caused by fatigue
bending was evaluated as DR/R0, where R0 is the initial resistivity, R
is the measured resistivity after a certain number of fatigue cycles,
and DR is R-R0. Fig. 8 shows the relative change in resistivity of the
as-deposited Cu70Mg30 ICM, Cu51Mg49 ICM, Cu43Mg57 ICM and
Cu35Mg65 ICM samples during bending with radii of curvature
7 mm. For comparison purposes, the results for a pure ITO filmwith
a thickness of 30 nm are also shown. As expected, for each sample,
the relative change in resistivity increases with an increasing
number of fatigue cycles. However, it is noted that all of the ICM
films have a more stable electrical resistivity (i.e., an improved
bending fatigue performance) than the pure ITO film. From in-
spection, the DR/R0 values of the ITO film, Cu70Mg30 ICM film,
Cu51Mg49 ICM film, Cu43Mg57 ICM film, and Cu35Mg65 ICM film are
equal to 0.93, 0.35, 0.22, 0.21 and 0.29, respectively, following
10000 bending cycles with a bending radius of 7 mm.
4. Conclusion

It is well known that the optical and electrical properties of MG
films depend not only on their thickness, but also on their
composition. Accordingly, in the present study, monolithic CuMg
(CM) films and bi-layer ITO/CuMg (ICM) films with Mg contents
ranging from 30 to 65 at% have been deposited on glass substrates
using a magnetron sputtering system. The samples have then been
processed using two different annealing treatments, namely
furnace annealing and laser annealing. For both treatments, various
processing parameters have been considered in order to identify
the optimal annealing conditions. The microstructural, optical,
electrical and bending fatigue properties of the various samples
have then been evaluated and compared.

In general, the results have shown that the as-deposited bi-layer
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films have a greater optical transmittance and a lower electrical
resistivity than the monolithic films. Of the various as-deposited
films, the Cu51Mg49 ICM film achieves the best overall perfor-
mance, i.e., an optical transmittance of 75.6% and an electrical re-
sistivity of 49.5 U/,. The corresponding figure of merit is equal to
1.23 � 10�3 U�1. The optical and electrical properties of the ICM
films are further improved via furnace annealing. For example,
given an annealing temperature of 200 �C, the Cu51Mg49 ICM film
has an optical transmittance of 78.5% (i.e., 4% higher than the as-
deposited film) and a sheet resistance of 32.4 U/, (i.e., 34%
lower than the as-deposited film). The corresponding figure of
merit is equal to 2.74 � 10�3 U�1, and is thus slightly higher than
that of commercial ITO film (2.68 � 10�3 U�1). It has been shown
that the optimal laser annealing parameters for the Cu51Mg49 ICM
film are a pulse energy of 1 mJ and a repetition rate of 250 kHz.
Given the use of these parameters, the film has a transmittance of
77.5% and a sheet resistance of 26.5 U/,. The corresponding figure
of merit has a value of 2.94 � 10�3 U�1. Thus, it is inferred that the
laser annealing process results in better optical and electrical
properties than the furnace annealing process given a Mg content
of 49 at%. Finally, it has been shown that all of the ICM films have a
better fatigue bending resistance than a pure ITO film of roughly
equivalent thickness, and hence provide a more stable electrical
response.
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