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Abstract

Transparent conducting ITO/Ag/ITO (IAl) and AZO/Ag/AZO (ZAZ) multilayer electrodes were fabricated using radio fre-
quency magnetron sputtering at room temperature. Subsequently, a green laser was employed for annealing these multilayer
films to improve their optical, electrical, and structural properties. Their optical and electrical properties were characterized
using a UV-Vis spectrophotometer, and a four-point probe station, respectively, while structural properties were charac-
terized using X-ray diffraction (XRD) and transmission electron microscopy (TEM). After laser annealing, XRD analysis
indicated an increase in Ag intensity peak, correlating with larger crystallite size post-annealing. TEM analysis confirmed
the formation of a continuous structure as weakly connected Ag crystallites bonded during the annealing process. The IAI
electrodes showed significant improvement, reducing sheet resistance from 8.2 Q/sq to 6.9 Q/sq, and the Haacke index
improved from ¢y, & 17x 107 Q7! to ¢y, & 21 x 107> Q7' In contrast, the physical properties of the ZAZ electrodes
could not be further improved by the laser annealing process, as their Ag layers already exhibited high crystallinity. Our
results indicate that optimizing the conductivity of the Ag layer is crucial for the optoelectronic performance of multilayer
electrodes. This optimization can be achieved through laser annealing with suitable energy densities and using oxide layers
promoting dense Ag growth.

Keywords Transparent conducting electrode - Laser annealing - Sputtering - Silver layer - Microstructure - Optoelectronic

properties

1 Introduction

Transparent conducting oxides (TCOs) play a crucial role
in optoelectronic devices, and it is widely employed as a
current conducting layer in various optoelectronic devices
such as photovoltaic solar cells [1], organic light-emitting
diodes [2], liquid crystal displays [3], flat panel displays [4],
touch panels [5], and smart windows [6]. Among TCOs,
indium tin oxide (ITO) is extensively used in the optoelec-
tronic industries due to its low sheet resistance and high
optical transmittance, surpassing alternatives like SnO,,
Zn0O, and fluorine-doped tin oxide (FTO) electrodes [7-10].
Various deposition techniques are involved in fabricating
TCO electrodes, such as sol—gel [11], thermal evaporation
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[12], e-beam evaporation [13], spray pyrolysis [14], pulsed
laser deposition [15], chemical vapor deposition [16], direct
current (DC) sputtering [17], and radio frequency (RF) sput-
tering [18]. Among these methods, RF sputtering is widely
adopted for its ability to deposit large substrate areas while
ensuring superior film quality and robust adhesion [19, 20].
While ITO remains a leading candidate for transparent con-
ducting electrodes, the growing demands of large-scale opto-
electronic industries necessitate improvements in its physical
characteristics. Increasing ITO thickness enhances electrical
conductivity but the optical transmittance decreases, reduc-
ing the thickness of the ITO layer below 150 nm to achieve
high-quality films with very low sheet resistance is quite
challenging [21, 22].

Researchers recently proposed a multilayer structure
(oxide/metal/oxide) for transparent conducting electrodes,
offering benefits such as very low sheet resistance and
high optical transmittance in the visible wavelength region
[23-25]. In general, a thin metal layer, such as Ag, Cu, Au,
or Ni, can be embedded between oxide layers to enhance
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electrical conductivity [26-31]. Among these, Ag stands
out for its low absorption coefficient, high transparency,
and superior conductivity [7, 32, 33]. Furthermore, the mul-
tilayer structure not only reduces the sheet resistance but
also makes the device more cost-effective due to the lower
consumption of ITO material [26, 27]. Consequently, the
multilayer structure stands as a viable alternative to expen-
sive ITO films.

Heating during film deposition or post-deposition anneal-
ing (>300 °C) is essential to enhance crystalline quality,
reduce defects, and improve electrical conductivity and opti-
cal transmittance, resulting in more transparent films [27,
34]. However, traditional annealing methods risk surface
and substrate damage due to prolonged high-temperature
processes [35-38]. In addressing these challenges, laser
annealing emerges as a promising alternative. The intense
laser energy used in this method significantly reduces pro-
cess time [39]. Several studies have employed different
lasers for annealing transparent conducting electrodes. Kim
et al. [40] explored the impact of excimer-laser annealing
on sol-gel-derived ITO films, noting enhanced electrical
properties, reduced resistivity, increased carrier density,
and improved mobility with energy densities reaching up
to 240 mJ/cm?. W. Chung et al. [41] utilized XeCl excimer
laser annealing to improve room temperature-deposited ITO
films, reducing sheet resistance from 191 Q/sq to 25 Q/sq
and increasing optical transmittance from 70% to over 85%.
This study underscores the effectiveness of excimer laser
annealing in optimizing thin film properties for diverse tech-
nological applications. Ding et al. [42] employed a UV laser
for room temperature annealing of ZnO:Al (AZO) thin films,
observing increased crystallinity and surface roughness with
higher laser fluence, while thickness and elemental concen-
tration remained minimally affected. G. Jo et al. [43] com-
pared the effects of CO, laser and RTA on Al-doped ZnO
multilayer thin films, finding that CO, laser significantly
reduced sheet resistance, improving the figure of merit over
63 times compared to RTA. This study emphasizes the effi-
cacy of RTA/CO, laser annealing in enhancing the elec-
trical and structural properties of ZnO-based thin films. In
our previous study [44], a 355 nm UV laser was used to
anneal ITO/Ag/ITO (IAI) multilayer electrodes, resulting
in a polycrystalline structure with increased Ag crystallite
size. The annealed electrodes exhibited high optical trans-
mittance (85%) and low electrical resistivity (5.35 Q/sq).
The Haacke index also increased from 18.14x 107> Q7! to
37.74x 1073 Q7!, indicating improved crystalline quality
after laser annealing.

As mentioned earlier, various studies have employed
different lasers to anneal transparent conductive elec-
trodes, showing enhancements in electrical and structural
properties. However, the underlying mechanisms through
which laser annealing affects the performance of multilayer
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electrodes remain unexplored. In this investigation, we intro-
duce the application of a green laser for annealing IAI and
ZAZ multilayer electrodes, marking a contribution to the
field of optoelectronics. We explore the effects of different
laser spot sizes, specifically 300 um (referred to as condition
A), 0.5 mm (referred to as condition B), and 1 mm (referred
to as condition C), on annealing IAI films. Additionally,
laser spot sizes of 0.5 mm and 1 mm are applied to anneal
ZAZ films. Subsequently, we conduct a comparative analy-
sis of the optical, electrical, and structural properties of the
IAI and ZAZ electrodes to elucidate the impact of the laser
annealing process on the physical characteristics of these
electrodes.

2 Experimental details
2.1 Fabrication of IAl and ZAZ electrodes

In this experimental investigation, a substrate composed of
Corning® glass was employed as a substrate material, before
deposition, the substrates underwent a thorough cleaning
using acetone, followed by a subsequent treatment with alco-
hol, and ultimately rinsed with deionized water. This sequen-
tial cleaning methodology was implemented within an
ultrasonic bath, aiming to eliminate impurities and surface
contaminants. The glass substrates were subjected to a dry-
ing process utilizing nitrogen (purity 99.99%) gas to remove
any residual moisture on the substrate surface. Subsequently,
the fabrication of multilayer electrodes, specifically IAI and
ZAZ, was achieved through RF magnetron sputtering. This
deposition technique was conducted under ambient condi-
tions. The high-purity targets used in the sputtering process
included ITO, AZO, and Ag, each boasting a purity level
of 99.9%. The experimental conditions included an 8 mtorr
working pressure, a 5 cm target-to-substrate distance, and
the argon gas with a purity level of 99.99% was used as a
sputtering gas and the argon gas flow rate was 40 sccm. The
ITO and AZO targets were subjected to 90 W of sputtering
power, while the Ag target received 40 W. To improve the
uniformity of the multilayered film, the sample holder was
rotated at a speed of 5 rpm. The thickness of the intermedi-
ate Ag layer was maintained at 10 nm due to its high optical
transmittance and very low sheet resistance. The optimum
thickness was obtained in our previous experiment [25]. The
top and bottom oxide layer's thickness was maintained at
approximately 40 nm. In addition, before conducting our
actual experiments, the ITO, AZO, and Ag targets were pre-
sputtered in the Ar atmosphere to clean the target surface.
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2.2 Laser annealing process

In this study, we utilized a diode-pumped solid-state 532 nm
green laser system (532-10-V NANIO Industrial DPSS
Laser) for the laser annealing process on the target sample
surface. The green laser was operated in ambient air with
fixed parameters: a laser power of 1.15 W, pulse repetition
frequency set at 20 kHz, pulse width of 30 ns, line spacing
of 0.05 mm, scanning speed of 500 mm/s, and scanning type
configured as parallel lines. To introduce experimental vari-
ations, we adjusted the laser spot sizes to 300 um, 0.5 mm,
and 1 mm during the experiments, aiming to achieve favora-
ble induced optoelectronic properties in the samples.

2.3 Characterization

In this experimental configuration, we utilized analyti-
cal tools to comprehensively characterize the transparent
conducting multilayer electrodes. An UV-Vis—NIR (Jacos
V-670) spectrophotometer was employed for precise meas-
urements of optical transmittance in the wavelength ranging
from 300 nm to 1100 nm. Simultaneously, the four-point
probe station (Keithley 2420) facilitated the accurate deter-
mination of sheet resistance. The thicknesses of the multi-
layer IAI and ZAZ electrodes were determined using a vari-
able-angle spectroscopic ellipsometer (Wollam M-2000U).
Thin-film X-ray diffractometry (Rigaku D/MAX 2500)
with Cu Ka radiation (1=0.15406 nm) was employed to

examine the crystal structures of the samples. Additionally,
Transmission Electron Microscopy (JEOL-JEM 2010F) was
employed to analyze the microstructure of the multilayer
electrodes.

3 Results and discussion
3.1 ITO/Ag/ITO electrodes

Figure 1 shows the XRD patterns of both as-deposited and
annealed IAI films. In the as-deposited film, the absence of
the diffraction peak from the ITO film indicates its amor-
phous structure. However, a minor Ag diffraction peak is
evident around 38° (20), corresponding to the (111)-plane
[7]. After the laser annealing process, the sample under con-
dition A showed signs of damage, and no ITO and Ag dif-
fraction peaks were observed. In contrast, the sample under
condition B displays robust ITO diffraction peaks with a
cubic bixbyite structure, corresponding to the (222)-plane
[41], and the Ag diffraction peak slightly increased, appear-
ing around 38 °C, indicating a polycrystalline structure. In
contrast, the sample under condition C shows no ITO dif-
fraction peak, possibly due to the lower laser energy den-
sity. However, the Ag diffraction peak slightly increased. To
assess the structural quality of the annealed film, crystallite
sizes were estimated using the Scherrer equation [45].

Fig.1 XRD spectra of as-
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where D is the average crystallite size, K is the Scherrer
constant (K=0.9), 1 is the X-ray wavelength (1=1.5406 10\),
p is the full width half maximum (FWHM) of the diffrac-
tion peak, and 0 is the diffraction angle. The crystallite size
increased from 7.1 nm to 10.6 nm for condition B and from
7.8 nm to 8.3 nm for condition C. A smaller laser spot size
results in a higher heating energy density during the laser
annealing process, leading to improved crystalline quality of
the multilayer film. However, the very small laser spot size
of 300 um resulted in excessive energy density during the
annealing process, causing damage to the film.

Figure 2 illustrates the transmittance spectra of both as-
deposited and annealed IAI films. The as-deposited film
exhibits a notable transmittance value of 85% at a wave-
length of 550 nm. The observed decrease in optical transmit-
tance with increasing wavelength is attributed to the rise in
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free electron concentration and interference effects within
the multilayer structure [46, 47]. In Fig. 2a, the transmit-
tance spectra of the sample under condition A indicate that
this film was damaged. The transmittance spectra in Fig. 2b
and c show that the optical transmittance in the visible wave-
length region remained similar for the samples under condi-
tion B and condition C.

Figure 3a shows the average transmittance of as-depos-
ited and annealed IAI films. The sample under condition
B illustrated that its average transmittance in the visible
region slightly decreased because of light scattering at the
Ag Island structure [46]. However, a slight enhancement of
average transmittance in the visible region was achieved for
condition C, attributed to an increase in the crystalline qual-
ity of the films. In this case, it provided sufficient energy to
connect weakly connected grains, forming a continuous film.
To confirm the effectiveness of condition C, we conducted
a verification experiment, as shown in Fig. 3b. The average
transmittance of all samples was increased with an average
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Fig.2 Transmittance spectra of as-deposited and annealed films under a condition A, b condition B, and ¢ condition C
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Fig.3 a Avg. transmittance of as-deposited and annealed films under conditions A, B, and C, and b verification samples under condition C

transmittance of 83% in the visible region. This observa-
tion underscores the efficacy of condition C as a critical fac-
tor influencing the optical performance of the investigated
samples.

Figure 4a shows the sheet resistance of as-deposited and
annealed IAI films. The sample under condition B shows
that the sheet resistance increased from 8.6 €/sq to 9.8 Q/sq.
This is due to the recrystallization of Ag crystallites to form
disconnected islands during the annealing process. How-
ever, the sample under condition C illustrates that the sheet
resistance significantly decreased from 8.2 Q/sq to 6.9 Q/sq
due to the reduction of the defect density of the Ag film. In
this case, a suitable energy flux went through the Ag film;
therefore, the internal defects decreased, and the crystallite
size slightly increased, as shown in the XRD spectra. The
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crystallinity increased, thus the sheet resistance decreased
dramatically. In the verification experiment illustrated in
Fig. 4b, it was shown that the sheet resistance of all samples
was significantly reduced.

Figure 5a illustrates the cross-sectional TEM image of
the as-deposited IAI film. The top and bottom ITO layers
exhibited the amorphous nature of the deposited film. The
presence of the Ag layer between the top and bottom ITO
layers was evident; however, the structure of weakly con-
nected Ag islands between the ITO layers is noticeable. Fig-
ure 5b shows the cross-sectional TEM image of the IAI film
annealed under condition C. The multilayer structure can be
clearly identified. Both the top and bottom ITO layers were
very smooth, indicating a nanocrystalline structure. The Ag
layer between the top and bottom ITO layers exhibited a
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Fig.4 a Sheet resistance of as-deposited and annealed films under conditions A, B, and C, and b verification samples under condition C

@ Springer KCJS?_'_EEEIQQI

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ v



974

M. Rajendran, K.-M. Lin

Ag island structure

Fig.5 Cross-sectional TEM image of a as-deposited film and b annealed film under condition C

very smooth and continuous structure, indicating a lower
defect density of the Ag film. The reduced number of defects
contributed to a more uniform internal structure, effectively
suppressing incident light scattering and improving carrier
transport. Consequently, the overall structural quality is
enhanced. Our XRD results also confirmed a slight increase
in the intensity peak of Ag after laser annealing.

The evaluation of the transparent conducting multilayer
electrodes was conducted through the Haacke index (¢) as a
key performance metric [48]. The Haacke index is calculated
using the below formula.

T10
¢= R @
where T is the average transmittance and the R, corresponds
to sheet resistance. A greater Haacke index value signifies
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an improved balance between transmittance and sheet resist-
ance. Figure 6a shows the Haacke index of the as-depos-
ited and annealed films. The Haacke index of the samples
from condition B decreased in the photovoltaic and visible
regions. This was attributed to the reduced optical transmit-
tance and increased sheet resistance. However, the Haacke
index of the samples from condition C increased in the vis-
ible and photovoltaic regions. The increase in the Haacke
index was mainly attributed to a decrease in sheet resistance.
In the verification experiment under condition C, as illus-
trated in Fig. 6b, the Haacke index of all samples increased
significantly. The highest Haacke index improvement, from
byis © 17x 1072 Q7 1o ¢y & 21X 1073 Q7! was achieved.
The results suggest that the green laser annealing process
with a 1 mm laser spot size could effectively enhance the
physical properties of IAI films.
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Fig. 6 a Haacke index of the as-deposited and annealed films under conditions A, B, and C, and b verification samples under condition C
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3.2 AZO/Ag/AZO0 electrodes

Figure 7 illustrates the XRD patterns of as-deposited and
annealed ZAZ films. These XRD patterns reveal prominent
peaks corresponding to the (002) and (111) planes of ZnO
and Ag, respectively. To analyse the structural properties
of the ZAZ films, we estimated the crystallite size using
Scherrer’s equation. The as-deposited Ag crystallite size was
11.7 nm, notably higher than the as-deposited Ag crystallite
size of 6.2 nm—7.8 nm in the IAI films. Our findings suggest

that the structure of ZnO crystalline benefited the growth of
Ag crystalline. The Ag crystallite sizes of ZAZ films under
conditions B and C were 16.4 nm and 11.7 nm, respectively.
No significant change in the crystallite size was observed
under condition C. This indicates that the energy density
under condition C did not induce the recrystallization pro-
cess of the Ag layer.

Figure 8 shows transmittance spectra of as-deposited
and annealed ZAZ films under condition B and C. The as-
deposited film exhibited a remarkable transmittance of 87%

Fig.7 XRD spectra of as-
deposited and annealed films
from conditions B and C
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Fig.8 Transmittance spectra of as-deposited and annealed ZAZ films under a condition B, and b condition C
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at a wavelength of 550 nm. The increased transmittance
in the visible region is attributed to the fact that the top
and bottom AZO layers strongly act as anti-reflective lay-
ers, reducing incident light reflection from the intermediate
Ag layer and increasing transmittance in the visible region
[49]. The transmittance of the sample under condition B in
Fig. 8a slightly increased in the UV and NIR regions, while
it decreased noticeably in the visible region. The decrease in
optical transmittance within the visible wavelength region is
attributed to the uneven surface of the intermediate Ag layer
after laser annealing. The higher energy density resulted in
the formation of discontinuous Ag structures, leading to the
creation of sizable Ag islands and a significant decline in
optical transmittance. The transmittance of the sample under
condition C in Fig. 8b remained constant in the UV, visible,
and NIR regions. These findings suggest that condition C
had no discernible effect on the transmittance spectrum of
the ZAZ electrode.

In Fig. 9a and b, the average transmittance and sheet
resistance of both as-deposited and annealed ZAZ films are
presented. Condition B led to a significant drop in average
transmittance, attributed to the recrystallization of the Ag
film and the formation of discontinuous large Ag islands.
The presence of these islands caused substantial light
scattering, resulting in reduced average transmittance and
increased sheet resistance due to the film structure's discon-
tinuity. Moreover, the sample under condition C exhibited
no noteworthy alterations in both average transmittance and
sheet resistance. It indicates that the heating energy density
under condition C did not provide enough driving force to
modify the physical properties of Ag film in ZAZ electrodes.
Furthermore, the crystallite sizes of as-deposited Ag films in
ZAZ electrodes were larger than those in IAI electrodes, and
the sheet resistance was also lower. These findings suggest
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that the AZO layer promotes the deposition of a dense,
highly conductive Ag layer, enhancing the optoelectronic
properties of ZAZ electrodes.

Figure 10 illustrates the Haacke index of as-deposited
and annealed film. As expected, the sample under condi-
tion B exhibited a low Haacke index in the visible region
and photovoltaic region due to reduced optical transmittance
and electrical conductivity. Additionally, sample condition
C demonstrated a comparable Haacke index. These findings
indicate that, under these conditions, the laser annealing pro-
cess had minimal impact on the ZAZ films. The laser anneal-
ing did not improve ZAZ electrodes due to their already high
crystallinity. Figure 11a and b illustrate the cross-sectional
TEM images of both the as-deposited and annealed ZAZ
films. These images confirmed the presence of a crystalline
structure in both the as-deposited and annealed multilayer
ZAZ films. Moreover, a slight diffusion of Ag into the AZO
layer was observed, due to the heat induced by the laser
during annealing. However, the increased crystalline qual-
ity observed in the as-deposited film could potentially lead
to enhanced physical properties. The superior properties
observed in the as-deposited ZAZ film suggest its suitability
for various optoelectronic applications.

4 Conclusion

In this study, we investigated the structural, optical, and
electrical properties of transparent conducting IAl and ZAZ
electrodes prepared using RF magnetron sputtering. The
multilayer films underwent green laser annealing with vari-
ous laser spot sizes of 300 um, 0.5 mm, and 1 mm. Among
these, the TAI films subjected to laser annealing under con-
dition C demonstrated the highest average transmittance of
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Fig.9 a Avg. transmittance, b sheet resistance of as-deposited and annealed ZAZ films under conditions B and C
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Fig. 10 Haacke index of as- 28
deposited and annealed ZAZ
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Fig. 11 Cross-sectional TEM image of a as-deposited film and b annealed ZAZ film under condition C

83% in the visible region. Concurrently, the sheet resistance
experienced a significant reduction from 8.2 €/sq to 6.9 Q/
sq. Analysis of XRD results indicated an increase in the
crystallite size of the Ag films after laser annealing. TEM
analysis further identified that the Ag layer exhibits a very
smooth and continuous structure after laser annealing. We
comprehensively understand that the defect density of Ag
films was reduced and crystalline quality increased dur-
ing the annealing process. Additionally, The Haacke index
significantly improved from ¢ Vis=17x 107> Q7! to ¢
Vis21x1072 QL. In contrast, the ZAZ samples showed no
improvements after laser annealing. This could be attributed

to the AZO layer being beneficial for depositing a dense and
highly conductive silver layer, and the applied laser energy
density may not significantly reduce the defect density of
the Ag layer. Our results suggest that the conductivity of the
Ag layer is a crucial factor in determining the optoelectronic
performance of multilayer electrodes. This can be achieved
using laser annealing techniques with appropriate energy
densities and the oxide layers that promote the growth of
dense Ag layers.
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