
Fabrication and performance improvement of Ag grid

transparent conducting films using selective laser

ablation

Qian Xu1,4, Bao-jia Li1,2,4,* , Li-jing Huang2,3,4,*, Huang Li1,4, and Yong-ying Wang1,4

1School of Materials Science and Engineering, Jiangsu University, Zhenjiang 212013, People’s Republic of China
2 Institute of Micro-Nano Optoelectronic and Terahertz Technology, Jiangsu University, Zhenjiang 212013, People’s Republic of

China
3School of Mechanical Engineering, Jiangsu University, Zhenjiang 212013, People’s Republic of China
4Jiangsu Provincial Key Laboratory of Center for Photon Manufacturing Science and Technology, Jiangsu University,

Zhenjiang 212013, People’s Republic of China

Received: 4 October 2021

Accepted: 25 December 2021

Published online:

4 January 2022

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2022

ABSTRACT

Silver (Ag) grid transparent conducting films (TCFs) were firstly fabricated by

selective laser ablation of Ag thin films prepared by radio frequency magnetron

sputtering under the conventional scanning method (i.e., line-typed cyclic

scanning, LTCS). The effects of grid parameters (i.e., Ag grid height, pitch, and

line-width) on TCF morphology, optical transmittance, electrical conductivity,

and comprehensive performance were studied. The optimal Ag grid height,

pitch, and line-width were determined to be 800 nm, 1.0 mm, and 90 lm,

respectively, and the resulting TCF showed a figure of merit of 11.38 9 10–2 X–1.

Subsequently, two new scanning methods, i.e., frame-typed serial scanning

(FTSS) and frame-line combined scanning (FLCS), were adopted to further

optimize the fabrication process, and thus the TCF comprehensive performance.

The results showed that as compared to the LTCS method, the FTSS and FLCS

methods could effectively eliminate semicircular-shaped Ag grid line edges, and

thus obtain relatively smooth and flat ones without obvious Ag material resi-

dues. The Ag grid TCF fabricated by using the FLCS method had the highest

figure of merit of 13.02 9 10–2 X–1, indicating a further improvement in com-

prehensive performance.

Address correspondence to E-mail: li_bjia@126.com; lij_huang@126.com

https://doi.org/10.1007/s10854-021-07666-9

J Mater Sci: Mater Electron (2022) 33:4764–4781

http://orcid.org/0000-0002-0693-0677
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-021-07666-9&amp;domain=pdf


1 Introduction

Transparent conducting film (TCF) is a kind of pho-

toelectric material which combines optical trans-

parency and electrical conductivity. It has been

widely used in optoelectronic devices, such as solar

cells [1, 2], touch screens [3], liquid crystal displays

[4], windshield heaters [5], and light-emitting diodes

[6]. In particular, the TCF is an indispensable part of a

solar cell. As the window material of the solar cell,

the TCF must have an excellent comprehensive per-

formance with high optical transparency and low

sheet resistance to meet the application requirements,

so its properties directly determine the performance

of the solar cell in a sense. The main materials used

for the TCF are metal oxides [7, 8], carbon-based

materials [9], metal nanowires [10], and metal grids

[11]. Indium tin oxide (ITO) is the main metal oxide

used for the TCF, and its production process is

mature. ITO film is widely used as a TCF in the

optoelectronics industry and requires a low sheet

resistance (as low as 8 X/sq) and a high optical

transmittance in the visible waveband (above 80% as

average value) to meet the application requirements

[12, 13]. However, the preparation of ITO requires the

use of the rare and toxic metal indium, which leads to

a high production cost and restricts its applications

[14, 15]. The ITO film itself also has a certain brittle-

ness that makes it difficult to be used in flexible

devices [16]. Carbon nanotubes (CNTs) have good

mechanical properties and are excellent to replace

ITO, but the large contact resistance between each

single CNT limits their applications as transparent

conducting layers [17]. The preparation methods of

metal nanowires are simple and suitable for large-

scale production [18]. Kim et al. [19] prepared silver

(Ag) nanowires on flexible polycarbonate (PC) sub-

strates by electrostatic spray deposition, and found

that the optical transmittance of the Ag nanowire

TCF was inversely proportional to the haze. In order

to reduce the haze and maintain the good electrical

conductivity of the TCF, it is necessary to extend the

lengths of the nanowires. Unfortunately, it is difficult

to prepare Ag nanowires with large aspect ratios.

In recent years, metal grids have attracted much

attention due to their excellent optical and electrical

properties. Metal grids are commonly prepared by

adopting Ag, copper (Cu), and other metal materials

to form transparent and conducting metal network-

like patterns on glass or plastic substrates [11, 16, 20].

The network-like patterns can be designed as arrays

of different graphical structures, and the grid line-

width and pitch can be easily controlled to adjust the

electrical conductivity and optical transmittance of

the resulting metal grid TCF. There are many

preparation methods for metal grids, mainly includ-

ing lithography [21], nanoimprinting [22], crackle

template [23], and inkjet printing [24]. At present,

these commonly used methods suffer from some

problems. For example, some methods need to

introduce mask, template, or metal nanoparticle ink,

while the preparation processes of the mask, tem-

plate, and metal nanoparticle ink are usually com-

plex, and certain sizes of metal nanoparticles are even

required in some cases [16]. These greatly increase

the preparation cost. The crackle template method

also has the disadvantages of uncontrollable grid

distribution and nonadjustable structure size. Con-

sequently, laser direct writing techniques including

selective laser sintering (SLS) [25] and selective laser

ablation (SLA) [26] have been developed to prepare

metal grid TCFs. Actually, the SLS method also

requires the expensive and certain-sized metal

nanoparticle ink. By contrast, the SLA method is

simpler, more flexible, and less costly, and the per-

formances of the metal grid TCF prepared by SLA

can be directly adjusted by varying laser parameters

[27]. During SLA, the precise removal of a metal layer

with a controllable ablation depth (i.e., metal grid

height) along a preset network-like pattern can be

achieved by reasonably controlling the laser param-

eters. Paeng et al. [28] carried out SLA on a 19-nm-

thick Cu film, and successfully prepared a circular-

hole-arrayed Cu TCF with an optical transmittance of

83% at the wavelength of 550 nm and a sheet resis-

tance of 17.48 X/sq. It should be noted that the grid

shape, size, and quality of the TCF obtained by their

method are mainly limited by the laser spot [29].

Generally, the shape of the metal grid TCF obtained

by this method is single and has a larger coverage

area, thus resulting in performances that are just close

to those of the commercial ITO film on the market

and need a further optimization. In addition, Jia et al.

[30] combined the laser ablation method and the

numerical control processing technology, and suc-

cessfully achieved the localized fine removal with flat

edges and small heat-affected zones along three-di-

mensional patterns for Cu coatings on polyimide (PI)

substrates. Inspired by their studies, it is expected

that by controlling the structure sizes and quality of
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laser-ablated patterns, the performances of the

obtained metal grid TCF can be effectively improved.

Actually, our group has previously carried out a

preliminary study about width and depth control [27]

as well as edge quality improvement [31] of laser-

ablated grooves on Ag films, based on which the

optimal laser processing parameters (i.e., laser flu-

ence, defocusing amount, and scanning speed) and

scanning method for laser ablation have been deter-

mined. However, a further systematical investigation

about the fabrication of Ag grid TCFs by the SLA

method has not been performed, and the grid

parameter and scanning method influences on the

resulting TCF performances have not been addressed

yet.

In this work, the Ag films deposited on glass sub-

strates by radio frequency (RF) magnetron sputtering

were precisely removed by SLA along pre-designed

square grid array patterns, so as to fabricate Ag grid

TCFs. The SLA method gave rise to the possibility for

obtaining controllable grid structure sizes. The grid

parameters, i.e., Ag grid height, grid pitch, and grid

line-width, were studied for optimization under the

conventional line-by-line round-trip cyclic scanning

method (i.e., line-typed cyclic scanning, LTCS [32]).

Subsequently, the two new scanning methods pro-

posed in our previous work [31], i.e., frame-typed

serial scanning (FTSS) and frame-line combined

scanning (FLCS), were adopted for further optimiz-

ing the fabrication process of the Ag grid TCFs. The

FTSS and FLCS methods were actually beneficial to

improving the edge quality of the laser-removed

areas during SLA, and thus the optical transmittance

and electrical conductivity of the resulting Ag grid

TCFs. The effects of grid parameters and scanning

methods on morphology, optical transmittance,

electrical conductivity, and comprehensive perfor-

mance of the obtained Ag grid TCFs were systemat-

ically analyzed. Comparing the results of the FTSS

and FLCS methods with those of the conventional

LTCS method can provide new insights into the

performance improvement of metal grid TCFs fabri-

cated by SLA.

2 Experimental details

Figure 1 shows the process flowchart for fabricating

Ag grid TCFs using the SLA method. The commercial

soda–lime float glass with a size of 15 mm 9 15

mm 9 1 mm (Shenzhen Nuozhuo Technology Co.,

Ltd., China) was selected as the substrate. Before RF

magnetron sputtering, the glass substrate was suc-

cessively placed in deionized water, acetone, and

anhydrous ethanol to perform ultrasonic cleaning

under room temperature and a power of 50 W. The

time for each cleaning process was controlled at

10 min. After ultrasonic cleaning, the glass substrate

was dried by blowing high-purity (99.999%) nitrogen

gas, and then kept in the oven at 50 �C for 2 h for

further drying. After natural cooling, the glass sub-

strate was taken out, and then an Ag film with a

certain thickness (500–900 nm) was deposited on it by

an RF magnetron sputtering coating system (Hefei

Kejing Materials Technology Co., Ltd., VTC-2RF,

China) at room temperature. Before sputtering the Ag

film, the sputtering chamber was vacuumized by a

rotary vacuum pump to a base pressure of 4 Pa, and

then injected high-purity (99.999%) argon gas as the

sputtering gas to a pressure of 100 Pa maintaining

5 min to further expel the air from the chamber.

During sputtering, a commercial circular Ag plate

with a diameter of 50 mm, a thickness of 4 mm and a

purity of 99.99% (Zhongnuo Advanced Material

(Beijing) Technology Co., Ltd., China) was used as

the sputtering target. The sputtering power, the

working pressure, the rotation speed of the sample

stage and the distance between the target and the

substrate were fixed at 30 W, 15 Pa, 4 r/min and

50 mm, respectively. The thickness of the Ag film

(corresponding to the Ag grid height) was monitored

by a quartz-crystal-based thickness monitor equip-

ped on the coating system and observed through a

computer monitor connected to the coating system.

Subsequently, the as-prepared Ag film was subjected

to SLA using a diode pumped Nd:YVO4 nanosecond

pulsed laser (Bright Solutions Co., Ltd., Wedge532,

Italy), which had a center wavelength of 532 nm, a

pulse width of 1–2 ns, a pulse repetition frequency of

1 kHz and a maximum single pulse energy of 0.9 mJ.

Figure 2 shows schematic diagram of the

nanosecond pulsed laser ablation system. The laser

beam was firstly emitted by the nanosecond pulsed

laser and then vertically irradiated on the surface of

the sample after passing through the beam expander,

total reflector, vibration mirror system, and focusing

lens. The sample was placed on the X–Y moving

stage, which could realize two-dimensional motions

under the control of the computer. The laser param-

eters and scanning paths could also be preset and
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controlled by the program in the computer. After

SLA, the sample was taken off from the X–Y moving

stage and gently blown with a washing ear ball to

remove the laser ablation-caused spatters on its

surface.

Our previous work has addressed the variation of

laser-ablated groove width and depth on an Ag film

with laser fluence and defocusing amount under a

single scan, and the result has showed that the Ag

film can be removed without damaging the glass

substrate under a moderate laser fluence and defo-

cusing amount [27]. Also a large number of previous

experiments have determined that the most appro-

priate scanning speed for laser-ablated groove with

good edge quality was 15 mm/s [31]. According to

these results, the laser fluence, defocusing amount,

and scanning speed in this present work were,

respectively, controlled to be 0.8 J/cm2, 1.0 mm, and

15 mm/s, and the selective removal of the Ag film

was realized by layer-by-layer laser scanning during

SLA. Under these parameter conditions, the single

laser ablation line-width was found to be about

130 lm. Figure 3 presents the schematic diagram of

the Ag grid array fabricated by SLA. The laser beam

followed the cyan lines to ablate the Ag film and thus

form the square removed areas, and the unremoved

areas constituted Ag grid lines. As Fig. 3 shows, d1
represents the scan line spacing (i.e., the distance

between two adjacent laser ablation tracks), d2 rep-

resents the Ag grid line-width (i.e., the distance

between two adjacent removed areas), and d3 repre-

sents the Ag grid pitch (i.e., the side length of a single

square removed area). In order to obtain a better

removal effect of the Ag film, the d1 value was fixed

at 50 lm based on the previous experimental results

[31]. The fabrication of Ag grid TCFs with

adjustable performances could be realized by varying

the d2 and d3 values.

Fig. 1 Flowchart of the

process to fabricate Ag grid

TCFs through selective laser

ablation

Fig. 2 Schematic diagram of the nanosecond pulsed laser ablation

system

Fig. 3 Schematic diagram of the Ag grid array fabricated by

selective laser ablation
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The surface morphology characterizations of the

fabricated Ag grid TCFs were performed using a

scanning electron microscope (SEM) (Carl Zeiss Co.,

Ltd., EVO MA10, Germany). The optical transmit-

tance spectra of the Ag grid TCFs were measured by

a UV–Vis spectrophotometer (Shanghai Metash

Instruments Co., Ltd., UV-8000, China). The sheet

resistance values of the Ag grid TCFs were tested

through a digital four-point probe instrument

(Guangzhou 4-Probes Technology Co. Ltd., RST-9,

China).

3 Results and discussion

3.1 Influence of grid height

It has been reported that the metal layer thickness has

a significant effect on the optical and electrical

properties of the metal grid TCF [27, 33]. By

increasing the thickness of the metal layer, the elec-

trical conductivity of the metal grid TCF can be

improved as much as possible on the basis of slightly

reducing the optical transmittance, so as to realize an

effective improvement in comprehensive perfor-

mance of the TCF [34]. Based on this, the Ag grid line-

width (d2) and pitch (d3) were, respectively, fixed at

90 lm and 1.0 mm, and the conventional LTCS

method was adopted to study the influence of Ag

grid height (i.e., Ag film thickness) on the as-pre-

pared Ag grid TCFs. The Ag grid heights were 500,

600, 700, 800, and 900 nm, respectively. Our previous

work has confirmed that single-scan laser ablation

using the same laser parameters can only realize

complete removal of a 100-nm-thick Ag film, and the

removed layer thickness (i.e., laser-ablated groove

depth) is linearly increased with the increase in

scanning number [27]. Therefore, in this present

work, the layer-by-layer laser scanning for com-

pletely removing the Ag films with thicknesses of

500–900 nm required scanning numbers of 5–9.

Figure 4 shows the low-magnification and partially

enlarged SEM images of the Ag grid TCF with a grid

height of 800 nm. The single change in Ag grid height

was found to result in a similar surface morphology,

and therefore the SEM images of the other Ag grid

TCFs are not provided here. It could be seen from

Fig. 4a that after SLA, a clear grid structure com-

posed of Ag film was formed on the glass substrate.

There were no obvious Ag material residues in the

laser-removed areas, which indicates that the Ag film

can be selectively removed from the substrate by

laser ablation [35, 36]. In our previous work [27], it

has been indicated that the mechanism for complete

laser removal of a 100-nm-thick Ag film by single-

scan laser ablation using the same laser parameters as

this present work can be explained by laser-induced

thermoelastic force. This is because the laser energy

per unit area irradiated on the Ag film is enough to

generate a thermoelastic force that exceeds the film

cohesion and the film-to-substrate adhesion, and thus

can realize thermal–elastic removal of the film with-

out obvious Ag residues. It has been also reported

that when the Ag film is very thick (e.g., 400 or

500 nm in thickness), the laser-induced thermal dif-

fusion length will be much smaller than the Ag film

thickness, and therefore the whole Ag film cannot be

heated under a single-scan laser ablation to generate

a sufficiently strong thermoelastic force [37, 38]. In

this case, the main mechanism of laser removal is

partial vaporization of the film material. Specifically,

the laser energy is firstly absorbed by free electrons in

the Ag film, and then transferred to the lattice

through electron–phonon (lattice) coupling. Laser

ablation will occur when the lattice temperature is

higher than the melting point of the Ag film, and then

the Ag film will be molten and vaporized [39]. In the

vaporization process, there will be some Ag residues

due to Gaussian distribution of the laser energy [40].

In this present work, the Ag film is very thick

(C 500 nm in thickness) and requires multiple-scan

laser ablation (C 5 in scanning number) for complete

removal. It is worth noting that multiple-scan laser

ablation of the Ag film is from top to bottom with a

removal depth per scan of about 100 nm. Therefore, it

can be inferred that the removal mechanism of the

first few scans is mainly the partial vaporization of

the Ag film caused by laser ablation. Considering the

adhesion between the remaining thinner Ag film and

the substrate, the removal mechanism of the last few

scans should include partial vaporization and ther-

mal–elastic removal of the Ag film. In order to further

study the removal effect and the quality of the Ag

grid lines after SLA, part of the area in Fig. 4a was

selected and enlarged to obtain Fig. 4b. A clear

observation from Fig. 4b was that the width of the Ag

grid line obtained under this condition was about

90 lm. In addition, both edges of the Ag grid line

were semicircular, and there were some Ag residues

around the edges of the Ag grid line. The projection
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of laser spot and the Gaussian distribution of laser

energy may be the main reasons for this phenomenon

[40]. Since the start and end areas of the laser scan-

ning path are semicircular as a result of laser spot

projection, it is easy to know that the edges of the Ag

grid lines obtained under the conventional LTCS

method will usually be semicircular [31, 41]. The Ag

material residues at the edges of the Ag grid lines are

believed to be resulted from the Gaussian distribu-

tion of the laser pulses, which makes the laser energy

in the edge areas smaller. Detailedly, this smaller

laser energy can result in partial vaporization

removal of the Ag film at the edges of the laser-ab-

lated regions, and thus the unremoved Ag film

materials will be remained to be inevitably turned

into Ag residues. These Ag residues certainly have

some impacts on the properties of the resulting Ag

grid TCF, which will be discussed later.

Figure 5a presents the optical transmittance spectra

of the Ag grid TCFs with different grid heights within

the wavelength range of 250–900 nm. It was found

that the optical transmittance of the Ag grid TCFs

decreased with the increase of Ag grid height, which

should be ascribed to the well-known fact that the

thicker Ag film can cause more light scattering and

reflection losses. It could also be seen that all the

TCFs achieved the maximum transmittance at the

wavelength around 600 nm. This may be resulted

from the higher light absorption in the short-wave-

length region and the higher light reflectance/scat-

tering in the long-wavelength region of the Ag

material (i.e., selective light transmission of Ag) [42].

In order to reflect the change trend of the optical

transmittance more visually, the average transmit-

tance (Tav) values of the Ag grid TCFs in the visible

waveband of 380–780 nm were calculated using the

following formula [43].

Tav ¼

Pn

i¼1

Ti

n
; ð1Þ

where Ti is the measured value of optical transmit-

tance at a given wavelength, and n is the number of

the measured optical transmittance values within the

calculated wavelength range. Figure 5b displays the

Fig. 4 SEM images of the Ag

grid TCF with a grid height of

800 nm: a a low-magnification

view; b a partially enlarged

view

Fig. 5 a Optical transmittance spectra and b sheet resistance and average transmittance values of the Ag grid TCFs with different grid

heights. The inset in a shows the optical transmittance spectra of the Ag grid TCFs in the visible waveband of 380–780 nm
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calculated average transmittance values of the Ag

grid TCFs with different grid heights. It could be

observed that the Ag grid TCF with a grid height of

500 nm had the highest average transmittance of

80.19%, and the decrease rate of the average trans-

mittance was relatively gentle with the increase in

grid height from 500 to 800 nm. When the grid height

reached 900 nm, the average transmittance remark-

ably dropped to the lowest value of 76.28%. This

should be attributed to the strong scattering and

reflection effects of Ag on the incident light. With the

increase of Ag grid height, the light scattering and

reflection losses from the Ag grid were gradually

enhanced [44], and thus the average transmittance

was gradually decreased. The similar result has also

been reported by Khan et al. [45]. The average

transmittance was found to be decreased by about 4%

as the grid height increased from 500 to 900 nm.

Figure 5b also provides the measured sheet resis-

tance values of the Ag grid TCFs with different grid

heights. It could be seen that the sheet resistance of

the Ag grid TCF with a grid height of 500 nm was

2.62 X/sq, and the sheet resistance exhibited a

gradually decreasing trend with the increase of grid

height. When the grid height was 900 nm, the sheet

resistance was decreased to the lowest value of 0.74

X/sq. The sheet resistance (Rsh) of a square metal

grid TCF can be determined by the following

expression proposed by Van de Groep et al. [46].

Rsh ¼
q
d
� l
b
; ð2Þ

where q represents the resistivity of the metal mate-

rial, d is the metal grid height, l is the metal grid

pitch, and b is the metal grid line-width. Here, the q, l,
and b values are fixed, and therefore the Rsh value of

the Ag grid TCF is inversely proportional to the Ag

grid height d according to Eq. (2). Certainly, the Rsh

value of the Ag grid TCF will also be affected by the

enhanced uniformity and compactness of the original

Ag film caused by the increase in thickness, because

the film with enhanced uniformity and compactness

is more conducive to the transmission of electrons

[47]. The gradual decrease in sheet resistance with the

increase of grid height for the Ag grid TCFs can thus

be understood.

From the above analyses, it was noticed that the

increase in grid height resulted in decreased optical

transmittance but enhanced electrical conductivity

for the Ag grid TCFs. This indicates that there is a

trade-off between optical transmittance and electrical

conductivity. In order to compare and evaluate the

comprehensive performances of the Ag grid TCFs

more reasonably, the concept of figure of merit (FTC)

was introduced with the calculation formula defined

by Haacke [48] as

FTC ¼ T10
av

Rsh

: ð3Þ

The higher the FTC value, the better the compre-

hensive performance [49]. The calculated FTC values

of the Ag grid TCFs with different grid heights are

given in Fig. 6. It was found that with the increase in

Ag grid height, the FTC value was increased at first

and then decreased. The Ag grid TCF with an Ag

grid height of 800 nm had the highest FTC value of

11.38 9 10–2 X–1, which is 2.7 times that of the Ag

grid TCF with an Ag grid height of 500 nm

(4.19 9 10–2 X–1). In general, under the same other

conditions, using an Ag grid height of 800 nm

enables fabrication of an Ag grid TCF with the best

comprehensive performance.

3.2 Influence of grid pitch

The Ag grid pitch (i.e., d3 in Fig. 3) can be adjusted by

reasonably setting the side length of the single square

removed area during SLA [19]. In order to study the

effect of Ag grid pitch, the optimal Ag grid height of

800 nm was employed, the Ag grid line-width (d2)

was fixed at 90 lm, and the conventional LTCS

method was adopted. The Ag grid pitches were 0.4,

0.7, 1.0, 1.3, and 1.6 mm, respectively.

Fig. 6 Figure of merit (FTC) values of the Ag grid TCFs with

different grid heights
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Figure 7 shows the SEM images of the Ag grid

TCFs with different grid pitches. Regular Ag grid

structures without obvious Ag material residues in

the removed areas could be found on all the TCF

sample surfaces. Combined with Fig. 4a for the Ag

grid TCF with a grid pitch of 1.0 mm, it could be

observed that the increase in Ag grid pitch led to

unobvious changes in Ag grid line-width but grad-

ually decreases in the number of Ag grid lines per

unit area. This means that the content of Ag material

per unit area was gradually reduced. On the one

hand, since the Ag film itself has strong scattering

and reflection effects on the incident light [50], the

reduction of the Ag material content will undoubt-

edly lead to an increase in optical transmittance of the

Ag grid TCF. On the other hand, the decrease of the

Ag material content per unit area will inevitably

cause a degradation in electrical conductivity for the

Ag grid TCF, as confirmed by the results of Jang et al.

[51]. The related discussions will be performed later.

Figure 8a presents the optical transmittance spectra

of the Ag grid TCFs with different grid pitches within

the 250–900 nm waveband. It could be seen that

unlike the grid height, the increase in grid pitch

resulted in a significant enhancement in optical

transmittance of the Ag grid TCFs. This should be

explained by the phenomenon that increased grid

pitch can result in a decreased Ag grid line number

(i.e., Ag material content) per unit area to reduce the

light scattering and reflection losses from Ag [52].

The average transmittance values of the Ag grid TCFs

with different grid pitches in the visible waveband of

380–780 nm were also calculated using Eq. (1), and

the results are displayed in Fig. 8b. When the Ag grid

pitch was 0.4 mm, the average transmittance of the

Ag grid TCF was only 67.18%. With the increase of

Ag grid pitch, the average transmittance was

increased gradually. As the Ag grid pitch reached

1.6 mm, the average transmittance of the Ag grid TCF

was increased to the largest value of 82.78%. As

mentioned above, the change of the Ag grid line

number per unit area should be responsible for these

results [50]. Specifically, the scattering and reflection

of the incident light that resulted from the Ag grid

pattern will bring about a certain loss of optical

transmittance [53], and the increased Ag material

content can usually lead to enhanced light scattering

and reflection [54]. Since the larger Ag grid pitch

corresponded to a lower Ag material content per unit

area, the light scattering and reflection effects were

weakened, and thus the average transmittance of the

Ag grid TCFs exhibited an increasing trend with the

increase of Ag grid pitch.

Figure 8b also provides the measured sheet resis-

tance values of the Ag grid TCFs with different grid

pitches. It could be clearly observed that the change

Fig. 7 SEM images of the Ag

grid TCFs with different grid

pitches: a 0.4 mm; b 0.7 mm;

c 1.3 mm; d 1.6 mm
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trend of the sheet resistance was the same as that of

the optical transmittance, that is, gradually increasing

with the increase of Ag grid pitch. The Ag grid TCF

with a grid pitch of 0.4 mm had the lowest sheet

resistance of 0.62 X/sq, and that with a grid pitch of

1.6 mm had the largest one of 1.66 X/sq. These

results should also be ascribed to the change of the

Ag grid line number per unit area. The above SEM

analysis revealed that the increase in Ag grid pitch

gave rise to a decrease in Ag grid line number per

unit area but nearly no change in Ag grid line-width.

Therefore, the Ag material content per unit area

reduced, resulting in gradually degraded electrical

conductivity of the Ag grid TCFs. Jeong et al. [55]

have also reported similar results. Actually, accord-

ing to Eq. (2), with the unchanged q, d, and b values,

the sheet resistance (Rsh) value of the Ag grid TCF is

directly proportional to the Ag grid pitch (l), which

can also reasonably explain the results in this present

work.

Based on the above analyses, it is known that

although increasing Ag grid pitch can effectively

improve the TCF optical transparency, it will cause a

significant deterioration of the TCF electrical con-

ductivity. Therefore, the FTC values of the Ag grid

TCFs with different grid pitches were also calculated

using Eq. (3) for comparing and evaluating their

comprehensive performances, and the results are

given in Fig. 9. The FTC values exhibited a trend of

increasing firstly and then decreasing with the

increase in Ag grid pitch. The Ag grid TCF with an

Ag grid pitch of 1.0 mm had the highest FTC value of

11.38 9 10–2 X–1. Compared with the Ag grid TCF

with an Ag grid pitch of 0.4 mm that had the lowest

FTC value of 3.02 9 10–2 X–1, the FTC value was

enhanced by nearly 3.8 times. The results indicate

that under the same other conditions, the optimal Ag

grid pitch for fabricating an Ag grid TCF with the

best comprehensive performance is 1.0 mm.

3.3 Influence of grid line-width

The Ag grid line-width (i.e., d2 in Fig. 3) can be

adjusted by reasonably setting the distance between

two adjacent removed areas during SLA [20]. In

order to explore the effect of Ag grid line-width, the

optimal Ag grid height of 800 nm and grid pitch of

1.0 mm were employed, and the conventional LTCS

method was adopted. The Ag grid line-widths were

70, 80, 90, 100, and 110 lm, respectively.

Figure 10 shows the SEM images of the Ag grid

TCFs with different grid line-widths. Similarly, the

Fig. 8 a Optical transmittance spectra and b sheet resistance and average transmittance values of the Ag grid TCFs with different grid

pitches

Fig. 9 Figure of merit (FTC) values of the Ag grid TCFs with

different grid pitches
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surfaces of all the samples were covered with clear

and regular Ag grid structures, and no obvious Ag

material residues remained in the laser-removed

areas but some around the Ag grid line edges. The

obvious changes of the Ag grid line-width could also

be observed from these images. The insets in

Fig. 10a–d provide the partially enlarged SEM ima-

ges for individual Ag grid lines of the corresponding

Ag grid TCFs, from which the Ag grid line-widths

and Ag material residues at the Ag grid line edges

could be further determined. The changes in Ag grid

line-width also led to variations in Ag material con-

tent per unit area that could affect the optical trans-

mittance and electrical conductivity of the Ag grid

TCFs. These will be subsequently analyzed in more

detail.

Figure 11a presents the optical transmittance

spectra of the Ag grid TCFs with different Ag grid

line-widths within the 250–900 nm waveband. A

clear observation was that the optical transmittance

of the Ag grid TCFs exhibited a monotonically

decreasing trend with the increase in Ag grid line-

width. As revealed in Fig. 10, the Ag material content

per unit area on the TCF surface was increased with

the increase of grid line-width, and thus the light

scattering and reflection losses from Ag would be

increased [56], which should be responsible for the

decreased optical transmittance of the TCF. The

average transmittance values of the Ag grid TCFs

with different grid line-widths in the 380–780 nm

visible waveband calculated using Eq. (1) are dis-

played in Fig. 11b. It was found that with the increase

in Ag grid line-width from 70 to 110 lm, the average

transmittance values of the Ag grid TCFs gradually

dropped from 81.08% to 75.53%. Considering the

scattering and reflection effects of the Ag grids on the

incident light, it can be deduced that the higher the

Ag material content per unit area (equivalent to the

larger Ag grid line-width), the lower the average

visible transmittance due to the more light scattering

and reflection losses [57, 58]. This can provide a good

explanation for the average transmittance variations

of the Ag grid TCFs with Ag grid line-width.

Figure 11b also provides the variations of the

measured sheet resistance for the Ag grid TCFs with

different grid line-widths. The sheet resistance was

Fig. 10 SEM images of the Ag grid TCFs with different grid line-widths: a 70 lm; b 80 lm; c 100 lm; d 110 lm. The insets show

partially enlarged SEM images of the corresponding Ag grid TCFs
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observed to be monotonically decreased from 1.20 to

0.60 X/sq with the increase of Ag grid line-width

from 70 to 110 lm. The reason for this result is similar

to the previous analysis for the Ag grid pitch. The

increase in Ag grid line-width implies the increase in

Ag material content per unit area, which is

undoubtedly conducive to the enhancement of the

TCF electrical conductivity. Furthermore, it can be

revealed from Eq. (2) that indeed the sheet resistance

(Rsh) value of the Ag grid TCF is inversely propor-

tional to the Ag grid line-width (b) under the fixed q,
d, and l values. This can also corroborate the mea-

sured TCF sheet resistance values for the different Ag

grid line-widths.

The above results demonstrate that an increased

Ag grid line-width corresponds to an effectively

dropped sheet resistance value and a remarkably

degraded average transmittance value. Therefore, for

the purpose of evaluating the comprehensive per-

formances of the Ag grid TCFs with different grid

line-widths, their FTC values were also calculated

using Eq. (3), and the results are given in Fig. 12. The

grid line-width of 90 lm produced the highest FTC
value of 11.38 9 10–2 X–1, and the one of 110 lm gave

rise to the lowest FTC value of 10.07 9 10–2 X–1. This

suggests that under the same other conditions, the

optimal Ag grid line-width for fabricating an Ag grid

TCF with the best comprehensive performance is

90 lm.

3.4 Influence of scanning method

It was determined that under the conventional LTCS

method, using an Ag grid height of 800 nm, an Ag

grid pitch of 1.0 mm and an Ag grid line-width of

90 lm can realize the fabrication of an Ag grid TCF

with the best comprehensive performance. On the

other hand, our previous work has proposed two

new scanning (i.e., the aforementioned FTSS and

FLCS) methods, which have been confirmed to be

able to effectively improve the edge quality of the

laser-removed areas and thus the optical transmit-

tance of the SLA Ag patterns [31]. Therefore, the FTSS

and FLCS methods were adopted here to further

optimize the performances of the Ag grid TCFs under

the optimal Ag grid parameters. Figure 13 provides

the schematic diagrams of the conventional LTCS

method as well as the proposed FTSS and FLCS

methods. Briefly, the conventional LTCS method is

featured by parallel lines, along which the laser beam

will complete multiple single-track scans (Fig. 13a).

The FTSS method is featured by a plurality of squares

Fig. 11 a Optical transmittance spectra and b sheet resistance and average transmittance values of the Ag grid TCFs with different grid

line-widths. The inset in a shows the optical transmittance spectra of the Ag grid TCFs in the visible waveband of 380–780 nm

Fig. 12 Figure of merit (FTC) values of the Ag grid TCFs with

different grid line-widths
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or rectangles, along which the laser beam will com-

plete multiple closed-loop scans from outside to

inside (Fig. 13b). The FLCS method has a laser scan-

ning path consisting of inner parallel lines that will be

firstly completed and an outer square or rectangle

that will be finally completed (Fig. 13c).

Figure 14 shows the low-magnification and par-

tially enlarged SEM images of the Ag grid TCFs

obtained under the scanning methods of FTSS and

FLCS. Clear and regular Ag grid structures as well as

clean laser-removed areas could be found on the two

sample surfaces. Under the same grid parameters, the

grid line-widths (90 lm) of the Ag grid TCFs fabri-

cated using the FTSS and FLCS methods almost had

no significant changes as compared to that using the

conventional LTCS method (Fig. 4). However, the Ag

grid line edges became relatively smooth and flat and

nearly no Ag material residues remained (Fig. 14b,

d). These results should be related to the changes of

the laser spot projection under different scanning

methods [59]. During SLA, the removal of the Ag film

is realized in the form of overlapping of circular laser

pulses on the sample surface, and therefore the start

and end regions of the laser removal path are usually

semicircular [60, 61]. By contrast, the middle region

of the laser removal path is relatively straight and

smooth. When the conventional LTCS method is

adopted, the laser spot stays longer at the start and

end points (i.e., the grid line edges) compared with

other points, thus causing a certain thermal effect on

Fig. 13 Schematic diagrams of the three different scanning methods: a LTCS; b FTSS; c FLCS

Fig. 14 SEM images of the

Ag grid TCFs fabricated using

different scanning methods:

a FTSS; b a partially enlarged

view of a; c FLCS; d a

partially enlarged view of c
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both edges of the Ag grid line. Moreover, the semi-

circular-shaped edges and the partial vaporization

removal of the Ag film cause the formation of the Ag

material residues at the Ag grid line edges [62],

which will be detrimental to the comprehensive

performance of the Ag grid TCF. Differently, in both

cases of using the FTSS and FLCS methods, the rel-

atively straight and smooth middle region of the laser

removal path can be fully utilized to obtain ideal

peripheral contours of the laser-removed areas. As a

result, the laser action time at the Ag grid line edges

can be effectively shortened, and the semicircular-

shaped Ag grid line edges can be effectively elimi-

nated. The resulting Ag grid line edges can thus be

relatively smooth and flat without obvious Ag

material residues, giving rise to the possibility of

improving the optical and electrical properties of the

corresponding Ag grid TCF [63].

Figure 15a presents the optical transmittance

spectra of the Ag grid TCFs obtained under different

scanning methods within the 250–900 nm waveband.

It could be observed that the transmittance data of the

TCFs under the FTSS and FLCS methods were obvi-

ously higher than that under LTCS. This should be

mainly attributed to the new scanning methods

which can significantly reduce the Ag material resi-

dues at the Ag grid line edges. The corresponding

average transmittance values in the 380–780 nm vis-

ible waveband calculated using Eq. (1) are displayed

in Fig. 15b for further quantitative comparison. It

could be seen that the average transmittance of the

Ag grid TCF obtained under the conventional LTCS

method was 79.08%. The FTSS and FLCS methods

enabled the Ag grid TCFs to achieve obvious

increases in average transmittance value, respec-

tively, to 80.15% and 80.52%, which exhibited more

than 1% increases as compared to the conventional

LTCS method. As indicated earlier, the Ag material

itself has strong scattering and reflection effects on

the incident light that can cause a certain optical

transmittance loss [53, 64]. Since the FTSS and FLCS

methods are beneficial for effectively reducing the Ag

material residues at the grid line edges, as confirmed

from the SEM images in Fig. 14, the optical trans-

mittance losses caused by scattering and reflection

effects from the Ag material residues should certainly

be much fewer as compared with that in the case of

adopting the conventional LTCS method.

Figure 15b also provides the comparison among

the measured sheet resistance values for the Ag grid

TCFs obtained under different scanning methods.

The sheet resistance values of the Ag grid TCFs

obtained under the FTSS and FLCS methods were,

respectively, increased to 0.90 X/sq and 0.88 X/sq as

compared with that under the conventional LTCS

method (0.84 X/sq), indicating that the electrical

conductivity was slightly deteriorated. This is

believed to be originated from the reduction of Ag

material residues at the grid line edges [20, 65]. In the

case of using the conventional LTCS method, the

presence of the more Ag material residues that are

connected with the Ag grid lines will result in

decreased lengths of electron transportation paths

and thus reduced chances of carrier recombination,

which should be conducive to improving the TCF

electrical conductivity. In comparison, the fewer Ag

Fig. 15 a Optical transmittance spectra and b sheet resistance and

average transmittance values of the Ag grid TCFs fabricated using

different scanning methods. The inset in a shows the optical

transmittance spectra of the Ag grid TCFs in the visible waveband

of 380–780 nm

4776 J Mater Sci: Mater Electron (2022) 33:4764–4781



material residues in the cases of using the FTSS and

FLCS methods may make the TCF electrical con-

ductivity weakened, which is manifested as the slight

increases in sheet resistance.

The above results reveal that the new FTSS and

FLCS methods can result in effectively improved

optical transmittance but slightly degraded electrical

conductivity of the Ag grid TCFs. Therefore, it is

necessary to evaluate the comprehensive perfor-

mances of the Ag grid TCFs obtained under the three

scanning methods through calculating their FTC val-

ues using Eq. (3). The calculated results are given in

Fig. 16a. It could be determined that both the FTC
values of the Ag grid TCFs obtained under the FTSS

and FLCS methods (12.16 9 10–2 X–1 and

13.02 9 10–2 X–1) were obviously higher than that

under the conventional LTCS method (11.38 9 10–2

X–1). These results imply that the application of the

new FTSS and FLCS methods can further optimize

the comprehensive performance of the Ag grid TCF,

and the Ag grid TCF has the best comprehensive

performance under the FLCS method. Moreover, the

as-obtained Ag grid TCFs exhibit much better com-

prehensive performances than the commercial ITO

film (Tav C 80%, Rsh B 10 X/sq, FTC C 1.07 9 10-2

X-1) and can well meet the application requirements.

Figure 16b presents a comparison of the optical

transmittance values at 550 nm and sheet resistance

values of the Ag grid TCFs obtained under the FTSS

and FLCS methods with those in other studies

[21–24, 66, 67]. It can be seen that the best perfor-

mance of the sample prepared in this present work

surpasses those of the TCFs obtained by other

methods previously reported, such as lithography,

nanoimprinting, crackle template, and inkjet printing.

On the other hand, the fabrication time of the Ag grid

TCF samples obtained under the FTSS and FLCS

methods is about 24 and 29 min, respectively. By

contrast, the fabrication of the TCF samples by

lithography [21], nanoimprinting [22], crackle tem-

plate [23], and inkjet printing [67] reported in other

works takes up to about 25 min, more than an hour,

half an hour, and more than two hours, respectively.

These reveal that the proposed SLA process com-

bined with the FTSS or FLCS method can not only

fabricate Ag grid TCFs with more excellent perfor-

mances, it also possesses a relatively higher fabrica-

tion efficiency. In addition, the proposed process for

fabricating the Ag grid TCFs is relatively simple and

free from expensive tools/materials (such as mask,

template, and metal nanoparticle ink). It is worth

mentioning that both the FTSS and FLCS methods

can improve the properties of the Ag grid TCFs, but

the FLCS method brings about a better comprehen-

sive performance and takes less time than the FTSS

method. From these aspects, the proposed SLA pro-

cess combined with the FLCS method has a great

prospect in efficiently fabricating high-performance

metal grid TCFs in the future.

4 Conclusion

Ag grid TCFs were fabricated by SLA of the sput-

tered Ag films on glass substrates using different Ag

grid heights, pitches, line-widths, and scanning

Fig. 16 a Figure of merit (FTC) values of the Ag grid TCFs

fabricated using different scanning methods. b Optical

transmittance values at 550 nm versus sheet resistance values of

the Ag grid TCFs fabricated using the FTSS and FLCS methods, in

comparison with those of the TCFs in other researches (reference

numbers indicated)
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methods. The SEM images confirmed that under the

conventional LTCS method, both edges of the Ag

grid line were semicircular, and no obvious Ag

material residues remained in the laser-removed

areas but some around the Ag grid line edges. The

average visible transmittance and sheet resistance

values of the resulting Ag grid TCFs exhibited

decreasing trends with the increase in Ag grid height

or line-width, but an increasing trend with the

increase of Ag grid pitch. The Ag grid TCF with a

grid height of 800 nm, a grid pitch of 1.0 mm, and a

grid line-width of 90 lm was found to possess the

best comprehensive performance with a figure of

merit of 11.38 9 10–2 X–1. Importantly, it was verified

that further performance improvements of the Ag

grid TCFs could be achieved by adopting the two

new FTSS and FLCS methods. Under the FTSS and

FLCS methods, the Ag grid line edges were relatively

smooth and flat without obvious Ag material resi-

dues, thus resulting in effectively improved optical

transmittance with slightly degraded electrical con-

ductivity of the Ag grid TCFs. The TCF fabricated

under the FLCS method showed the highest figure of

merit of 13.02 9 10–2 X–1 with an average visible

transmittance of 80.52% and a sheet resistance of 0.88

X/sq, which can well meet the performance

requirements in solar cells. This work indicates the

feasibility of SLA combined with the FLCS method

for fabricating high-performance metal grid TCFs,

and more studies on fabrication of TCFs from other

metal materials on various substrates are awaiting to

be further explored.
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