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A B S T R A C T

AgMgAl films with a thickness of 6–12 nm were deposited on glass substrates using a co-sputtering process. AZO
layers were then deposited on the AMA films to form bi-layer structures. The films were processed by traditional
furnace annealing at temperatures of 100–200 °C and laser annealing with a laser power of 25–800 mW and
repetition rates ranging from 100 to 400 kHz. For the non-annealed samples, the sheet resistance reduced and
the transmittance increased with the addition of the AZO film to the AMA layer. For the optimal AMA thickness
of 12 nm, the sheet resistance was equal to 85Ω/□, while the transmittance was equal to 74%. According to the
DSC results, the crystallization temperature of the AMA film was around 100–150 °C. Following furnace an-
nealing, the optoelectrical properties of the bi-layer structure improved due to the crystallization of the AMA
film. Furthermore, for the laser-annealed film processed using a pulse energy of 0.5 μJ and a repetition rate of
400 kHz, the sheet resistance was reduced to 45Ω/□, while the transmittance was improved to 87%.

1. Introduction

Transparent conducting oxide (TCO) films are used in many elec-
trical applications due to their high transparency and good electrical
conductivity [1,2]. Indium-tin oxide (ITO) film has particularly good
electrical and optical properties and is thus commonly used as an
electrode material [3–5]. The thickness of ITO films should exceed
100 nm in order to minimize the sheet resistance [6,7]. Consequently,
many proposals have been presented for minimizing the use of ITO by
means of specially designed structures, new materials, and optimized
sputtering processes [8–11]. Typically, ITO-based multilayer structures
incorporate a metal middle layer with a thickness of approximately
5–20 nm to increase the electrical conductivity and improve the
transmittance [10–16].

ZnO films have many advantages for electrical applications, in-
cluding non-toxicity, high stability in hydrogen plasma processes, low
temperature growth, and good scalability [3]. As a result, ZnO is an
attractive alternative to ITO as an electrode material. Notably, many
studies have shown that the electrical resistivity of ZnO thin films can
be enhanced through the addition of impurities (e.g., Al) using tech-
niques such as atomic layer deposition (ALD) [17], ion beam sputter
deposition (IBSD) [18], sol gel [19,20], spin coating [21], chemical
spray pyrolysis [22] and magnetron sputtering [23,24].

Thin film metallic glasses (TFMGs) have excellent mechanical

strength, good anti-corrosion resistance, and a high bending fatigue
strength [25–27]. Furthermore, they exhibit a lower surface roughness
than pure metallic films and have a higher nucleation rate. As a result,
they can be prepared with a thickness much lower than that of the
metal layers used in traditional ITO sandwich structures. Finally,
TFMGs have excellent transparency and conductivity properties [28].
Consequently, they have been extensively used in the industrial, elec-
tronics and bio-medicine fields in recent years. Lee et al. [29] prepared
a bi-layer ITO/ZrCu film with a continuous and smooth ZrCu layer and
a thickness of less than 6 nm using a magnetron sputtering process
conducted under room temperature conditions. The ZrCu film was
shown to have an optical transmittance of 73% and a sheet resistance of
20Ω/sq. Lin [30] reported that the AgMgAl thin films, in an attempt in
replacing the expensive pure Au contact films, are prepared by co-
sputtering. Appropriate short thermal annealing for the amorphous
films can drastically lower the resistivity down to as low as 9 μΩ-cm.
The AgMgAl films would be much cheaper than the pure Au films, fa-
vorable for industry applications. In a later study, the authors replaced
the ZrCu film with an AAM film [31]. However, the results showed that
the film had a slightly lower optical transmittance (65%) and a sig-
nificantly higher electrical resistivity (90Ω/□). Moreover, the CuZr
film was also replaced by the CuMg film and it showed that the bi-layer
ITO/CuMg structure improved the transmittance from 53% (ITO/CuZr)
to 75.6% (ITO/CuMg) and reduces the resistance from 140Ω/□ (ITO/
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CuZr) to 49.5Ω/□ (ITO/CuMg) [32].
Many studies have shown that the optical and electrical properties

of thin films can be improved through annealing [2,33–37]. As a result,
the literature contains many proposals for the localized annealing of
TCO films using thermal processing or laser irradiation [38–43]. For
example, Vernieuwe et al. [44] printed AZO films were on glass sub-
strates in non-vacuum conditions and heated the films in a tube furnace
to a temperature of 500 °C under an O2/N2 atmosphere. The resulting
films were found to have an electrical resistivity of 2.54 × 10−2 Ω/cm
were obtained. Xu [45] deposited AZO thin films on quartz substrates
using an RF magnetron sputtering system and then annealed the films
using a solid-state laser with a power density of 27.8W/mm2. The
annealed films had a good quality crystallized structure, obvious grain
boundaries, and no surface damage. Moreover, the carrier concentra-
tion, mobility and resistivity were all significantly improved following
annealing, while the transmittance was around 90% in the visible re-
gion. It was shown in [31] that the optical and electrical properties of
ITO/AMA thin films can be improved through laser annealing with a
repetition rate of 400 kHz and a pulse energy of 1.03 μJ. However, ITO
is a relatively high-cost material and is available only in finite quan-
tities.

Accordingly, in this study, the ITO film is replaced with a cheaper
AZO film. The effects of the AMA thickness and annealing conditions
(furnace annealing or laser irradiation) on the optoelectrical properties
of the AZO/AMA films are investigated using spectrophotometry, four-
point probe, differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and X-ray
diffraction (XRD) techniques.

2. Experimental

Ag-Mg-Al (AMA) films with thicknesses of 6–12 nm were deposited
on glass substrates using a co-sputtering process with Ag, Mg and Al
target powers of 60, 70 and 70W, respectively. AZO layers with a
thickness of 50 nm were then deposited on the AMA films using an AZO
target power of 55W. The composition of the AMA films was found
from EDX analysis to be Ag40Mg40Al20. AMA and AZO/AMA (AAMA)
films were annealed using a traditional furnace technique at tempera-
tures ranging from 100 to 200 °C for 1 h. AMA and AAMA films were
additionally annealed using a pulse laser with a wavelength of
1064 nm, a spot size of 40 μm and a scanning speed of 5mm/s. In
performing the annealing process, the repetition rate was varied in the
range of 100–400 kHz and the laser power was set as 25–800 mW. For
each annealing process, the pulse energy (E) was computed as [46]

=E P /rep,AVG (1)

where PAVG is the average power of the pulse laser and rep is the laser
repetition rate. For the irradiation powers and repetition rates con-
sidered in the present study, the pulse energy varied in the range of
0.25–2 μJ.

The crystallization behavior of the AMA films and the thermal
property was measured using a differential scanning calorimeter
(Diamond, PerkinElmer). In this study, the DSC technique with a
heating rate of 5 °C/min was carried out for AMA layer and a tem-
perature range of 30–200 °C. The morphologies and compositions of the
as-deposited and annealed AMA and AAMA films were examined by
scanning electron microscopy (SEM, JSM-7600F), X-ray diffraction
(XRD, Bruker D8 Advance) and transmission electron microscopy (TEM,
JEM-3010). The optical transmittance of the films was measured using
a UV–vis-IR spectrophotometer (Lambda 35, PerkinElmer). Finally, the
sheet resistance was measured using a four-point probe (SR-H1000C).

3. Results and discussion

Fig. 1 shows the XRD pattern of the as-deposited Ag40Mg40Al20 film.
The absence of any distinct diffraction peaks indicates that the film has

an amorphous structure. Fig. 2 shows the variation of the sheet re-
sistance with the AMA film thickness for the AMA and AAMA samples.
For both samples, the sheet resistance reduces with an increasing AMA
thickness due to a greater continuity of the film structure and the sheet
resistance stabilizes at an AMA thickness greater than 12 nm. The AMA
monolithic film with a thickness of 12 nm has a sheet resistance of
90Ω/sq. However, following the deposition of the AZO film on the
AMA layer, the sheet resistance reduces to 85Ω/sq. This finding is
consistent with the parallel electrical resistance circuit model of bi-
layer films and reflects the fact that the bottom AMA film has a lower
electrical resistance than the upper AZO layer [47].

Fig. 3 shows the variation of the transmittance with the AMA film
thickness for the AMA and AAMA samples. It is seen that the trans-
mittance of the AMA films increases following the deposition of the
AZO layer. However, for both the AMA films and the AAMA films, the
transmittance reduces with an increasing AMA thickness due to the
greater reflectivity of the AMA layer. Overall, the results presented in
Figs. 2 and 3 show that the electrical resistivity reduces with an in-
creasing AMA film thickness, whereas the transmittance increases with
a reducing AMA thickness. Observing the two figures, the optimal AMA
thickness is found to be 12 nm, for which the electrical resistivity of the
AAMA sample is equal to 85Ω/□, while the optical transmittance is
74%.

In an attempt to improve the optoelectrical properties of the AAMA
samples, the films were annealed under various temperatures (furnace
annealing) and pulse energies and repetition rates (laser irradiation).
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Fig. 1. XRD pattern of as-deposited AMA film.
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Fig. 2. Sheet resistance of AMA and AAMA films as function of AMA film
thickness.
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The DSC results shown in Fig. 4 indicate that the AAMA material un-
dergoes an enthalpy change (H) of 15.78 J/g at a temperature of ap-
proximately 72–116 °C. Fig. 5 presents the XRD analysis results for
AMA films with a thickness of 100 nm annealed at temperatures of 100,

150 and 200 °C, respectively. All of the XRD patterns contain prominent
peaks corresponding to the (1 0 0) and (1 1 0) orientations. In other
words, the results confirm that the AMA films have a crystalline
structure following annealing at temperatures higher than 100 °C.

Fig. 6 shows the sheet resistance values of the AAMA samples with
different AMA thicknesses following furnace annealing at various
temperatures in the range of 100–200 °C. The sheet resistance of the
AAMA sample with a 6-nm AMA film is insensitive to the annealing
temperature. However, for AMA film thicknesses of 9 nm and 12 nm,
respectively, the sheet resistance reduces as the annealing temperature
is increased toward 150 °C and then increases sharply as the tempera-
ture is further increased to 200 °C. The minimum sheet resistance of the
AAMA film is equal to approximately 69Ω/□. In other words, the an-
nealing process reduces the resistance of the AAMA film by around
18.8%. The optimal annealing temperature of 150 °C is consistent with
the DSC results presented in Fig. 4, which shows that amorphous AMA
film became crystallized film.

Fig. 7 shows the optical transmittance of the AAMA films annealed
at 150 °C. It is seen that the transmittance of the AAMA sample with an
AMA thickness of 12 nm increases from around 74% in the as-deposited
condition (Fig. 3) to 82% after the annealing process. In other words,
the annealing process not only reduces the sheet resistance (Fig. 6), but
also improves increases the transmittance. The annealing process im-
proves the transmittance by around 9% compared to the as-deposited
sample.

Fig. 8(a) and (b) show the SEM surface morphologies of the AAMA
samples with an AMA thickness of 12 nm annealed at 100 °C and 200 °C,
respectively. As indicated by the XRD results in Fig. 5, the
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Fig. 3. Optical transmittance of AMA and AAMA films as function of AMA film
thickness.

Fig. 4. DCS results for as-deposited AMA film tested using heating rate of 5 °C/
min.
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Fig. 5. XRD patterns of AMA films annealed at different temperatures.
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Fig. 6. Sheet resistance of AAMA films annealed at various temperatures.
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microstructure of the AAMA film transforms to a fine crystalline
structure following annealing at a temperature of 100 °C (Fig. 8(a)). The
dense microstructure results in a greater scattering of the conduction
electrons [43]. Consequently, the sheet resistance reduces compared to
that of the as-deposited sample. Furthermore, the refractive index of the
AAMA structure is also reduced, and consequently the transmittance
increases. However, at a higher temperature of 200 °C, the film surface
contains island-like structures (Fig. 8(b)). As a result, the electrical
conductivity is significantly increased due to a discontinuous film. It
showed that the AAMA film annealed at 200 °C and the sheet resistance
increased up to 990Ω/□ (Fig. 6).

Fig. 9 shows the sheet resistance and transmittance properties of the
AAMA samples with a 12-nm AMA film following laser annealing with
different pulse energies and repetition rates. As discussed earlier in
relation to Fig. 3, the as-deposited AAMA sample has a sheet resistance
of 85Ω/□. However, Fig. 9 shows that the sheet resistance reduces
significantly following laser annealing. For example, a minimum sheet
resistance of 32Ω/□ is obtained when using a pulse energy of 1.5 μJ
and a repetition rate of 100 kHz. As the pulse energy reduces, the sheet
resistance increases. However, the transmittance is significantly im-
proved; particularly at higher repetition rates. Overall, the results show
that the optimal irradiation conditions are a pulse energy of 0.5 μJ and
a repetition rate of 400 kHz, which lead to a sheet resistance of 45Ω/□
and a transmittance of 87%. The new structure achieves the better
optical property and the optimal transmittance increases by 8.7% in
this study compared with our previous result [31]. Particularly, an AZO
film replaces ITO film because ITO film is a relatively high-cost material
and is available only in finite quantities.

Fig. 10(a) presents a cross-sectional TEM image of the annealed
AAMA sample processed using a pulse energy of 1 μJ and a repetition
rate of 400 kHz. The thickness of the crystal-AMA structure is found to
be the same as that of the as-deposited amorphous-AMA thin film, i.e.,

12 nm. In other words, the irradiated laser energy is sufficient to fully
crystallize the amphous-AMA thin film. However, the continuous film
transforms to an island-like structure following the annealing process
(see Fig. 10(b)). In particular, the microstructure resembles that of the
sample furnace annealed at a high temperature of 200 °C (see Fig. 8(b)).
The high-resolution TEM image presented in Fig. 10(b) shows that the
sample has a periodic atomic structure. Finally, the electron diffraction
pattern presented in Fig. 10(c) confirms that the AMA sample has a
crystalline structure with a strong (1 1 0) orientation, as indicated
previously by the XRD results. As a result, the electrical conductivity is
significantly increased due to a discontinuous film. Therefore, the
better electric and optical properties of the AMA samples are achieved
at an appropriate condition. In the study, DSC and TEM results show
important evidence to the optimal annealing condition.

The performance of AAMA films with known sheet resistance and
transmittance properties can be compared using the following figure of
merit [48]:

=Ψ T /R,TC
10 (2)

where T is the transmittance and R is the sheet resistance. Substituting
the transmittance and sheet resistance values of the AAMA sample
annealed with a laser repetition rate of 400 kHz and a pulse energy of
0.5 μJ (i.e., 87% and 45Ω/□, respectively) into Eq. (2), the optimal
figure of merit is found to be 5.5 × 10−3 Ω−1. The FOM of the non-
annealed sample is 5.8 × 10−4 Ω−1 (i.e., 74% and 85Ω/□, respec-
tively). Therefore, the figure of merit value is improved by annealing
process.

4. Conclusion

Bi-layer AZO/AMA metallic glass films have been deposited on glass
substrates using a co-sputtering process. The films were processed by
furnace annealing at temperatures of 100 to 200 °C for 1 h and laser
annealing with repetition rates in the range of 100–400 kHz and laser
powers ranging from 25 to 800 mW. The results have shown that the as-
deposited bi-layer structure has a sheet resistance of 85Ω/□ and an
optical transmittance of 74% given AZO and AMA layer thicknesses of
50 nm and 12 nm, respectively. The DSC and XRD results have shown
that the amorphous structure of the as-deposited samples transforms to
a crystalline structure under high annealing temperatures (100 °C) and
laser pulse energies (0.5 μJ). The crystalline structure results in a sig-
nificant improvement in the optoelectrical properties of the bi-layer
sample. The optimal values of the optical transmittance and sheet re-
sistance are found to be 87% and 45Ω/□, respectively, given a pulse
energy of 0.5 μJ.
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