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Fig. 1 SEM images of thin films. (a) AZO film;(b) as-prepared Ag/FTO/AZO multilayer film
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Fig. 2 SEM images of Ag/FTO/AZO multilayer films under different laser energy densities. (a) 0.1 J/cm®;
(b) 0.3 J/em®; (¢) 0.7 J/cm®; (d) 1.3 J/em®; (e) 2.1 J/cm®
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Fig. 4 XRD patterns of different films
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Fig. 5 Transmittance spectra of different films
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Fig. 7 Reflectance spectra of different films
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Fig. 10 Figure-of-merits of different films
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Abstract

Objective In the application field of photoelectric devices, such as solar cells and liquid crystal displays,
researchers pay attention to the aluminum-doped zinc oxide (AZO) film due to its abundant raw materials, high
stability, low cost, and non-toxicity. An Ag layer is typically deposited on the surface of an AZO film to improve its
electrical conductivity; however, the addition of the Ag layer inevitably results in the film’s light reflection loss,
which leads to a decrease in its optical transmittance. Although the light reflection in the AZO film can be inhibited to
a certain extent using a fluorine-doped tin oxide (FTO) composite layer between the Ag layer and AZO film, its
inhibition is limited, and a very-large thickness of the FTO layer will also lead to the decrease in optical transmittance
of the film. Grating structures fabricated on film surfaces have been confirmed to have anti-reflection effects, and
the laser etching method used for grating structure fabrication has advantages such as high efficiency, easy
operating, and controllability. Hence, laser etching of grating structures on Ag/FTO/AZO multilayer film surfaces
was performed in this study. It has been demonstrated that the anti-reflection effects of laser-etched grating
structures can effectively improve the optical transmittance of the films and that the optical transparency and
electrical conductivity of the films can be improved further by the additional laser annealing effect during laser
etching. This study is expected to provide a simple and effective method for optimizing the performance of single-
layer or multilayer films, as well as a scientific foundation for the application of laser-etched grating structures.

Methods Ag/FTO/AZO multilayer films were prepared by radio frequency magnetron sputtering with commercial
AZO0 films as the substrates. The as-obtained Ag/FTO/AZO films were then placed on the movable sample stage of a
diode pumped Nd:YVO, nanosecond-pulsed laser system (A =532 nm) and laser-etched with different laser energy
densities to fabricate grating structures. The effects of laser energy density on surface morphology, crystal
structure, optical properties, and electrical properties of films were studied. The surface morphologies of the films
after laser etching were observed by scanning electron microscope. The heights of the grating structures were
determined by a confocal laser scanning microscope. An X-ray diffractometer was used to determine the crystal
structures of the films. A UV-visible spectrophotometer was used to measure the optical transmittance and
reflectance of the film samples (Shanghai Metash Instruments: UV-8000). A digital four-point probe instrument was
used to measure the sheet resistance values of the film samples (Guangzhou 4-PROBES TECH: RTS-9).

Results and Discussions The results showed that with the increase in laser energy density, the melting area of
the Ag/FTO/AZO film surfaces extended to the low-temperature zone driven by the Marangoni convection,
temperature difference, and pressure difference, which caused increases in width and depth of the laser-etched
grooves, as well as in the total lateral area of the grating structures on the film surfaces (Figs. 2 and 3). With
increasing laser energy density, the additional laser annealing effect during laser etching was gradually strengthened.
When the laser energy density was increased from 0.1 J/cm® to 0.7 J/cm®, the total lateral area of the grating
structure increased, and the light reflection loss on the grating’s outer surface was avoided (Figs. 7 and 8). The
increased width of the laser-etched grooves increased the area of the film that was thinning. Furthermore, the
reinforced additional laser annealing effect promoted grain growth and decreased crystal defects in the film to
improve crystallinity (Fig. 4), thus reducing light scattering loss in the film. These three factors increased the
optical transmittance of the film (Figs. 5 and 6). The additional laser annealing effect, on the contrary, reduced the
carrier scattering loss at grain boundaries and increased carrier mobility, lowering the sheet resistance of the film
(Fig. 9). The height of the laser-etched grating structure increased as the laser energy density increased from
0.7 J/cm® to 2.1 J/cm®, resulting in more light scattering and absorption losses caused by the reflection of the
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incident light on the grating’s outer surface, thus leading to an increase in optical reflectance of the film. When the
laser energy density was 2.1 J/cm®, the laser etching depth (i.e. the height of the laser-etched grating structure)
was too large and even reached the glass substrate. Therefore, the optical transmittance of the film decreased at first
and then increased. The excessive laser energy density (1.3 J/cm”and 2.1 J/cm®) caused lattice disorder in the film
and the removal of more Ag and FTO layer materials, thereby reducing the film’s electrical conductivity. The optical
transmittance and sheet resistances of the films were used to calculate the figure-of-merits used to evaluate the film’s
comprehensive properties. The calculation results showed that its variation trend rose at first, then decreased, and
then rose again (Fig. 10).

Conclusions In this study, laser etching using a laser energy density of 0.7 J/cm’ resulted in a grating structure
with an appropriate height and total side area on the Ag/FTO/AZO film surface, which could effectively improve the
anti-reflection ability of the film. Furthermore, the additional laser annealing effect produced during laser etching
promoted grain growth in the film, reduced crystal defects, and resulted in less light and carrier scattering loss and
higher carrier mobility. Therefore, the film’s optical transmittance and electrical conductivity were enhanced. The
resulting film received the highest figure-of-merit (2.80 %10 * Q '), indicating that its overall quality was superior
to that of the original AZO film (2.58 x107° Q7 ').

Key words laser processing; Ag/FTO/AZO film; grating structure; optical property; electrical property
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