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ABSTRACT

Preparation and property optimization of silver (Ag)-embedded fluorine-doped

tin oxide (FTO) films were achieved based on laser etching, sputtering Ag

layers, furnace annealing, sputtering aluminum-doped zinc oxide (AZO) layers

and laser annealing. Specifically, a nanosecond pulsed laser (k = 532 nm) was

used to etch grooves on FTO films before sputtering 5-nm-thick Ag layers, with

an aim for enabling the Ag nanoparticles from the furnace-annealed Ag layers to

be intensively embedded in the grooves under the thermal-induced dewetting

effect. The optimal laser fluence for laser etching and temperature for furnace

annealing were found to be 0.4 J/cm2 and 300 �C, respectively. The as-obtained

Ag-embedded FTO film exhibited significantly improved optical and electrical

properties, being attributed mainly to the decreased coverage area of the Ag

nanoparticles on the FTO film surface and the furnace annealing effect. The

subsequently sputtered 10-nm-thick AZO layer suppressed the internal light

reflection from the Ag nanoparticles, and laser annealing further facilitated

grain growth in the film. Therefore, the resulting film had the best compre-

hensive property with the highest figure of merit of 20.94 9 10–3 X–1, which was

much higher than that of the original FTO film (7.65 9 10–3 X–1). This work may

provide a new combined processing method for high-performance transparent

conductive films.
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1 Introduction

In recent years, the fluorine-doped tin oxide (FTO)

film, with the advantages of low cost and non-toxic-

ity, has been widely used in solar cells [1], light-

emitting diodes (LEDs) [2], liquid crystal displays

(LCDs) [3], thin film transistors [4], touch screens [5]

and other optoelectronic devices. However, the

optical and electrical properties of an ordinary FTO

film are not sufficient to fully meet the requirements

of the evolving optoelectronic devices. It is noticed

that preparing a metal/FTO composite film by coat-

ing a metal layer and then furnace annealing is one of

the more common methods to improve the optical

and electrical properties of the FTO film [6, 7]. After

furnace annealing, the crystallinity of the film will be

enhanced, the grain size will be increased, the defects

in the film will be reduced, and thus the optical and

electrical properties of the film will be improved [7].

In addition, the metal layer subjected to furnace

annealing will form metal nanoparticles through a

self-aligned dewetting process [8], and the quantum

mechanical tunneling effect and near-field plasma

coupling interactions generated by these metal

nanoparticles can contribute to further improving the

electrical conductivity of the film [9]. However, the

optical transmittance of the film will be greatly

degraded due to the intense light reflection caused by

these densely distributed metal nanoparticles [10].

Similarly, Zhang et al. [11] prepared silver (Ag)

nanoparticles on the surfaces of aluminum-doped

zinc oxide (AZO) films at room temperature through

electrodeposition technology, and found that the

denser Ag nanoparticles produced using a longer

deposition time resulted in a lower optical transmit-

tance of the film. These results indicated that the

metal layer consisting of dense metal nanoparticles

would inevitably lead to a light reflection loss and

thus lower the optical transparency of the film.

Therefore, the preparation of a metal layer-coated

FTO film for improving electrical conductivity of the

FTO film without sacrificing its optical transmittance

is a great challenge and worthy of special exploration.

On the other hand, the AZO film has attracted

much attention due to their excellent optical and

electrical properties and abundant reserves. More-

over, AZO is an excellent material for preparing the

anti-reflection layer of optoelectronic devices, and

therefore an AZO layer is usually deposited on the

surface of an FTO film to prepare an AZO/FTO

composite film for achieving the purpose of anti-re-

flection. Although furnace annealing is a common

heat treatment method to optimize the quality of

transparent conductive oxide (TCO) thin films and

improve their optical and electrical properties

[12, 13], the AZO film is prone to be ablated and

damaged due to the high annealing temperature and

the long annealing time in a traditional furnace. To

overcome the shortcomings of traditional furnace

annealing, laser annealing, as a new annealing

method, has gradually emerged and gained popu-

larity due to its gentle thermal budget and short

operation time [14–16]. El hamali et al. [17] deposited

AZO thin films on quartz substrates by magnetron

sputtering and then conducted excimer laser

annealing on them, resulting in an enhanced average

visible transmittance from 85 to 90% and a reduced

resistivity from 1 9 10–3 X cm to 5 9 10–4 X cm.

Huang et al. [18] prepared AZO films on poly-

ethylene terephthalate (PET) flexible substrates by

magnetron sputtering and optimized them by

nanosecond pulsed laser annealing, achieving the

highest average visible transmittance of 76.2% and

the lowest resistivity of 1.95 9 10–3 X cm. Therefore,

in terms of the metal layer-coated FTO film, it is

expected to restrain light reflection from the metal

layer by coating an AZO film and optimize the

optical and electrical properties of the AZO film by

laser annealing.

From the above overview, one can know that the

common method of coating metal layer followed by

furnace annealing has limitation on simultaneously

optimizing optical transmittance and electrical con-

ductivity of the FTO film. The main problem is that

the too large coverage area of the metal layer or metal

nanoparticles will inevitably cause a significant

degradation in optical transmittance of the film.

Being inspired by the widely used laser patterning

method, we believe that embedding metal nanopar-

ticles into laser-etched grooves on the FTO film is a

workable idea for achieving the reduction of their

coverage area and thus the improvement of the film

transparency. Moreover, as mentioned earlier, the

optical transmittance and electrical conductivity of

the metal-embedded FTO film can be further opti-

mized by coating AZO layer followed by laser

annealing.

In this study, in view of the problem of increasing

electrical conductivity and decreasing optical trans-

mittance after furnace annealing of the metal/FTO
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film [10, 11], we used a nanosecond pulsed laser

beam (k = 532 nm) to etch the FTO film surface

before sputtering an Ag layer, with an aim for

enabling the Ag nanoparticles from the furnace-an-

nealed Ag layer to be intensively embedded in the

laser-etched grooves under the self-aligned dewet-

ting effect. This kind of Ag-embedded FTO film was

believed to bring about an improved electrical con-

ductivity, accompanied by a reduced optical trans-

mittance loss that benefited from the decreased

coverage area of the Ag nanoparticles on the FTO

film surface. On the other hand, to further improve

the optical and electrical properties of the Ag-em-

bedded FTO film, an AZO layer was sputtered on the

film surface and then annealed by the nanosecond

pulsed laser. Specifically, as Fig. 1 shows, the whole

preparation process included five steps, i.e., laser

etching of the FTO film (FTOL), depositing an Ag

layer on the FTOL film, furnace annealing of the Ag/

FTOL film, depositing an AZO layer on the Ag/FTOL

film and laser annealing of the AZO/Ag/FTOL film.

The effects of laser fluence during laser etching on the

FTO film, annealing temperature during furnace

annealing on the Ag/FTOL film and AZO layer

thickness on the AZO/Ag/FTOL film were mainly

investigated to determine the optimal process

parameters. The preparation process of the Ag-em-

bedded FTO film may provide a new combined

processing method for the research, development

and application of high-performance transparent

conductive films.

2 Experimental details

2.1 Laser etching of FTO films

The commercially available FTO films (* 800 nm in

thickness) with glass substrates were cut into a

square of 15 mm 9 15 mm, and, respectively,

immersed in deionized water, acetone and absolute

ethanol to be ultrasonically cleaned each for 10 min.

The as-cleaned FTO films were then blow-dried using

a high-purity (99.999%) nitrogen gun. Subsequently,

the FTO films were placed on the sample stage of a

diode pumped Nd:YVO4 nanosecond pulsed laser

system (Bright Solutions Co., Ltd., Italy, Wedge532).

The laser system mainly consists of a beam expander,

a total reflector, a galvanometer system, a focusing

lens and a working table. The central wavelength of

the laser beam is 532 nm, the pulse width is 1–2 ns,

the pulse repetition rate is 1 kHz, and the maximum

single pulse energy is 0.9 mJ. Laser etching was

performed on the pre-cleaned FTO film surface along

the groove grid pattern (400 lm in grid spacing) that

was drawn by an EZCAD software in advance. The

main laser parameters such as defocusing amount

(0 mm), laser fluence (0.2 J/cm2, 0.4 J/cm2, 0.6 J/cm2

and 0.8 J/cm2) and laser scanning speed (10 mm/s)

were adjusted by a laser controller that was con-

nected to a computer.

Fig. 1 Preparation flow

chart of the Ag-embedded

FTO film including laser

etching of the FTO film

(FTOL), depositing an Ag

layer on the FTOL film,

furnace annealing of the Ag/

FTOL film, depositing an AZO

layer on the Ag/FTOL film and

laser annealing of the AZO/

Ag/FTOL film
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2.2 Preparation and furnace annealing
of Ag/FTOL films

The laser-etched FTO film (denoted as FTOL) with the

best comprehensive property was chosen to be

placed on the sample stage of a radio frequency (RF)

magnetron sputtering coating system (Hefei Kejing

Material Technology Co., Ltd., China, VTC-2RF) for

depositing a 5-nm-thick Ag layer using an Ag target

(99.99% purity, U50 mm 9 3 mm). During mag-

netron sputtering, the deposition chamber was cov-

ered with a sealed cover and vacuumed to be cleaned

for 5 min using high-purity (99.999%) argon, and

then the working pressure and sputtering power

were, respectively, controlled at 10 Pa and 30 W. The

thickness of the Ag layer was monitored by a quartz

crystal-based thickness monitor that was equipped

on the coating system. In the next step, the as-pre-

pared Ag/FTOL film was placed in a medium-tem-

perature tube furnace (Hefei Risine Technology Co.,

Ltd., China, CVD(Z)-06/60/3) for annealing. Prior to

annealing, the tube chamber was cleaned for 5 min

using high-purity (99.999%) nitrogen with a constant

flow rate of 10 mL/min. The annealing time was

fixed at 20 min and different annealing temperatures

(200 �C, 300 �C, 400 �C and 500 �C) were adopted.

2.3 Preparation and laser annealing
of AZO/Ag/FTOL films

The furnace-annealed Ag/FTOL film with the best

comprehensive property was chosen to be placed on

the sample stage of the RF magnetron sputtering

coating system again for depositing an AZO layer

using an AZO target (99.99% purity, 3 wt% Al2O3,

U50 mm 9 3 mm). Different AZO layer thicknesses

(5 nm, 10 nm, 15 nm and 20 nm) were employed to

optimize the optical and electrical properties of the

resulting AZO/Ag/FTOL films, and the other details

were the same as those for depositing the Ag layer.

By comparing the comprehensive properties of these

AZO/Ag/FTOL films, the optimal one was deter-

mined to undergo laser annealing using the diode

pumped Nd:YVO4 nanosecond pulsed laser system.

During laser annealing, the defocusing amount, laser

fluence, laser scanning speed and scan line spacing

were fixed at ? 1.5 mm, 0.8 J/cm2, 10 mm/s and

20 lm, respectively.

2.4 Characterization

A confocal laser scanning microscope (CLSM) (Key-

ence Corp., Japan, VK-X260K) was used to observe

the surface morphologies/topography line profiles

and obtain the root mean square (RMS) roughness

values of the laser-etched FTO films. A field emission

scanning electron microscope (FE-SEM) (JEOL Co.,

Ltd., Japan, JSM-7001F) was utilized to observe the

surface morphologies of the Ag/FTOL and AZO/

Ag/FTOL films. An X-ray diffractometer (XRD)

(Bruker Co., Ltd., Germany, D8 Advance) was

adopted to determine the crystal structures of all the

films. The optical transmittance spectra of the films

were measured with an ultraviolet–visible spec-

trophotometer (Shanghai Metash Instruments Co.,

Ltd., China, UV-8000). The reflectance spectra of the

films were detected using an ultraviolet–visible

spectrophotometer (Shanghai Metash Instruments

Co., Ltd., China, UV-6100). A digital four-point probe

instrument (Guangzhou Four-Point Probes Technol-

ogy Co., Ltd., China, RTS-9) was employed to test the

sheet resistance values of the films.

3 Results and discussion

3.1 Preparation and property optimization
of the FTO films with laser-etched
grooves

Figure 2 shows the CLSM images and 3D profiles of

the laser-etched grooves on the FTO films obtained

under laser fluences of 0.2 J/cm2, 0.4 J/cm2, 0.6 J/

cm2 and 0.8 J/cm2. It could be found that when the

laser fluence was small (0.2 J/cm2), as Fig. 2a shows,

the surface of the laser-etched groove exhibited the

presence of both large circular or elliptic pits formed

by the excessive removal of the FTO layer and small

pores caused by mixing of air during laser-film

interaction. This also implied that the laser energy

was effectively absorbed at the FTO/glass and air/

FTO interfaces. Actually, as the laser fluence

increased to 0.4 J/cm2, 0.6 J/cm2 and 0.8 J/cm2, as

Fig. 2b, c and d show, there were no large pits but

small pores occurred in the laser-etched groove,

indicating that the laser fluence was relatively high

and the laser energy absorbed at the air/FTO inter-

face was dominant. In addition, the regions adjacent

to the laser-etched groove were grayish black and
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extended along the groove, which should be the so-

called heat-affected zones caused by the laser-in-

duced thermal effect [19, 20]. The areas of the heat-

affected zones were found to become larger with

increasing the laser fluence.

Figure 3 presents the typical topography line pro-

files of the laser-etched grooves on the FTO films

obtained under different laser fluences. It was

observed that when the laser fluence was relatively

low (0.2 J/cm2), the surface of the laser-etched groove

had more cone-shaped protrusions due to the laser-

caused tearing of the FTO layer. As the laser fluence

gradually increased to 0.4 J/cm2, 0.6 J/cm2 and 0.8 J/

cm2, the increased laser energy absorbed by the FTO

layer enabled it to be melted and thus the number of

the cone-shaped protrusions resulted form the FTO

layer tearing was significantly reduced. In addition,

shoulder-like protrusions could be observed on both

sides of the outer edge of the laser-etched groove.

These protrusions are believed to be caused by the

recoil pressure or pressure waves associated to laser

ablation acting on the molten FTO layer material and

pushing it sideways as well as the Marangoni effect

generated under surface tension gradients [21–23].

Fig. 2 Confocal laser scanning microscope (CLSM) images of the laser-etched grooves on the FTO films obtained using different laser

fluences: a 0.2 J/cm2; b 0.4 J/cm2; c 0.6 J/cm2; d 0.8 J/cm2. The insets show the corresponding CLSM 3D profiles

Fig. 3 Typical topography line profiles of the laser-etched

grooves on the FTO films obtained using different laser fluences
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The heights of these protrusions were increased with

the increase of laser fluence.

The width, depth and roughness values of these

laser-etched grooves were measured by the CLSM, as

listed in Table 1. Clear observations were that when

the laser fluence increased from 0.2 J/cm2 to 0.8 J/

cm2, the groove width was increased from 26.29

lm to 38.52 lm and the groove depth was increased

from 0.38 lm to 0.58 lm. When the laser fluence was

relatively low (0.2 J/cm2), only the surface layer of

the FTO film was melted under the laser-induced

thermal effect, which accordingly resulted in a shal-

low and narrow groove. With the increase of the laser

fluence, the Marangoni convection would occur in

the laser-etched area on the FTO film [24]. As a result,

the molten FTO layer material would flow toward the

low-temperature regions driven by a huge tempera-

ture difference, thus bringing about a simultaneous

increase in width and depth of the laser-etched

groove. Certainly, the high-pressure gases and high-

temperature substances generated by the FTO film

vaporization would also push the molten FTO layer

material into the low-temperature regions, further

increasing the groove width and depth [25]. On the

other hand, an increase in laser energy would melt a

higher volume of FTO layer material and thus pro-

duce a wider and deeper track, which should also

contribute to the increase in groove width and depth.

Under the combined influence of the cone-shaped

protrusions, shoulder-like protrusions, pits and

pores, the RMS roughness of the laser-etched groove

surface was decreased firstly and then increased with

the increase of laser fluence. When the laser fluence

was 0.4 J/cm2, the RMS roughness was the smallest

(0.12 lm).

Figure 4a shows the optical transmittance spectra

and the corresponding average transmittance values

of the unetched FTO film and the laser-etched FTO

films obtained using different laser fluences. Due to

the direct interband transitions in these films [26],

there were significant decreases in optical transmit-

tance at wavelengths around 300 nm. The average

transmittance (Tav) values were calculated by aver-

aging the transmittance data within the visible

wavelength range of 400–800 nm that could be

obtained from the optical transmittance spectra [27],

i.e.,

Tav ¼
1

n

Xn

i¼1

Ti; ð1Þ

where Ti is the transmittance value at a given wave-

length and n is the number of the transmittance data

in the 400–800 nm waveband. The inset in Fig. 4a

revealed that the average transmittance values of the

laser-etched FTO films were slightly higher than that

of the unetched FTO film (77.18%). This should be

ascribed to the partial removal of the FTO layer

during the laser etching process [28]. With increasing

laser fluence, the width and depth of the laser-etched

groove were increased, and therefore the average

transmittance of the FTO film was gradually

increased. Since the larger groove width and depth

means the more FTO layer material removed from

the glass substrate, the increase in average transmit-

tance of the FTO film with increasing laser fluence

can thus be understood.

Figure 4b displays the sheet resistance histograms

of the unetched FTO film and the laser-etched FTO

films obtained using different laser fluences. It could

be seen that the sheet resistance values of all the

laser-etched FTO films were greater than that of the

unetched FTO film (9.80 X/sq), which resulted from

the fact that the FTO conductive layer at the groove

was partly removed by the laser and became thinner.

Actually, the FTO layer material would be molten

and then evaporated under the laser-induced thermal

effect. As a result, the physical removal of the laser

evaporated FTO material caused the film in the laser-

irradiated region to be thinned. On the whole, the

sheet resistance values of the laser-etched FTO films

exhibited a trend of first decreasing and then

increasing with increasing laser fluence. Using a rel-

atively small laser fluence of 0.2 J/cm2 led to the

largest sheet resistance value (12.04 X/sq), which

may be related to the generation of the large circular

or elliptic pits in the laser-etched grooves that are

detrimental to the transportation of the charge carri-

ers [29]. When the laser fluence increased to 0.4 J/

Table 1 Width, depth and RMS roughness values of the laser-

etched grooves on the FTO films obtained using different laser

fluences

Laser fluence (J/cm2) 0.2 0.4 0.6 0.8

Width (lm) 26.29 29.10 37.39 38.52

Depth (lm) 0.38 0.40 0.54 0.58

RMS roughness (lm) 0.16 0.12 0.14 0.16
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cm2, as mentioned above, no large pits existed in the

laser-etched groove, giving rise to a slightly dropped

sheet resistance value of 10.27 X/sq. With further

increasing laser fluence, the laser-removed width and

depth of the FTO layer became enlarged corre-

spondingly, and thus the electrical conductivity was

deteriorated as revealed by the gradually increased

sheet resistance value. It is well-known that the sheet

resistance of a film is inversely proportional to the

film thickness. In this present work, the deeper the

laser-etched groove on the FTO layer, the smaller the

corresponding FTO layer thickness, and hence the

larger the sheet resistance value. Since the thinning of

the FTO layer during laser etching is a physical

removal process, the variation of sheet resistance

with laser fluence is just a physical effect.

It was notable that no one film sample simultane-

ously had the highest transmittance and the lowest

sheet resistance, and therefore the comprehensive

properties of all the film samples needed to be eval-

uated by the figure of merit (FTC). According to the

Haacke’s formula [30], the FTC value of a film sample

can be calculated by

FTC ¼ T10
av

Rsh

; ð2Þ

where Rsh denotes the sheet resistance value of the

film sample. The calculated figures of merit of the

Fig. 4 Optical and electrical properties of the unetched FTO film

and the laser-etched FTO films obtained using different laser

fluences: a optical transmittance spectra and corresponding

average transmittance values (the inset); b sheet resistance

values; c figure of merit values
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unetched FTO film and the laser-etched FTO films

obtained using different laser fluences are shown in

Fig. 4c. When the laser fluence was 0.2 J/cm2, the

resulting laser-etched FTO film had the worst com-

prehensive property with the lowest figure of merit

of 6.58 9 10–3 X–1. It could be determined that only

the laser-etched FTO film using a laser fluence of

0.4 J/cm2 exhibited the highest figure of merit

(7.74 9 10–3 X–1) that was higher than that of the

unetched FTO film (7.65 9 10–3 X–1), suggesting that

this film had a better comprehensive property than

the unetched FTO film.

3.2 Preparation and property optimization
of the furnace-annealed Ag/FTOL films

According to the above results, the optimal laser

fluence for laser etching of the FTO film was deter-

mined to be 0.4 J/cm2, and therefore the corre-

sponding laser-etched FTO film (FTOL) was chosen

for depositing a 5-nm-thick Ag layer by magnetron

sputtering and then undergoing furnace annealing at

different annealing temperatures. On the basis of

previous studies, the thickness of the Ag layer for

preparing the Ag/FTOL films was set to 5 nm in

order to balance their optical transmittance and

electrical conductivity [31]. Figure 5 displays the SEM

images of the unetched FTO film, the Ag/FTO film

annealed at 300 �C for 20 min and the Ag/FTOL films

annealed at different temperatures (200 �C, 300 �C,
400 �C and 500 �C) for 20 min. It could be obviously

observed that the surface of the FTO film exhibited

pyramid-shaped SnO2 particles with sharp edges and

a sparse distribution (Fig. 5a). The surface of the Ag/

FTO film annealed at 300 �C was found to be covered

by tiny and sparely distributed Ag nanoparticles with

the underlying relatively large SnO2 particles

(Fig. 5b), which may result from the thermal-induced

dewetting effect of the Ag layer and the recrystal-

lization of grains in the FTO layer during furnace

annealing [32]. As for the Ag/FTOL films (Fig. 5c–f),

with the increase of annealing temperature, the sizes

of both the underlying SnO2 particles and the upper

Ag nanoparticles on the surface of the Ag/FTOL films

increased correspondingly. When the annealing

temperature was low (200 �C and 300 �C), the Ag

nanoparticles were relatively small and had a rela-

tively dense distribution (Fig. 5c and d). With

increasing annealing temperature to 400 �C, the Ag

nanoparticles had a slight increase in size (Fig. 5e),

especially inside the laser-etched groove (the inset in

Fig. 5e). It is worth noting that when the annealing

temperature was too high (500 �C), the Ag nanopar-

ticles displayed a very obvious agglomeration phe-

nomenon [33], and several originally spherical Ag

nanoparticles merged into a larger ellipsoidal one

(about 200 nm in size) (Fig. 5f). From the insets in

Fig. 5c–f, it was found that there were more Ag

nanoparticles inside the laser-etched grooves and the

Ag nanoparticle size increased with the increase of

annealing temperature. The increase in Ag nanopar-

ticle size should be mainly related to the agglomer-

ation of the preformed small Ag nanoparticles under

the thermal effect caused by furnace annealing and

the well-known Ostwald ripening mechanism

[34, 35].

Figure 6 shows the XRD patterns of the Ag/FTOL

films obtained using different annealing tempera-

tures. The XRD patterns of the unetched FTO film

and the Ag/FTO film annealed at 300 �C are also

shown for comparison. It could be found that all the

films showed tetragonal SnO2 peaks (JCPDS No.

41-1445) [36]. In addition, due to the very thin Ag

layer sputtered on the FTO film surface [37, 38], no

peaks corresponding to Ag could be observed for all

the films. These results confirm the presence of the

single-phase SnO2 [39]. Attributing to the effect of

furnace annealing, the SnO2 (200) peaks of the Ag/

FTO film and all the Ag/FTOL films were stronger

than that of the unetched FTO film, and exhibited

gradually increased intensities with the increase of

annealing temperature [40]. The Ag/FTO and Ag/

FTOL films that were both annealed at 300 �C for

20 min had the similar SnO2 (200) peak intensities.

According to the XRD data, the grain sizes of the

FTO layers can be calculated using the well-known

Debye–Scherrer formula defined as follows [41], in

order to further study the effect of annealing tem-

perature on the crystal structures of the Ag/FTOL

films.

D ¼ 0.9k
bcosh

; ð3Þ

where k is the X-ray wavelength corresponding to the

Cu-Ka radiation (k = 0.1541 nm), h is the Bragg angle,

and b is the full width at half maximum (FWHM) of

the SnO2 (200) diffraction peak on the 2h scale (in

radian). The calculated grain sizes are listed in

Table 2. As expected, the effect of furnace annealing

on grain size was very obvious. During the furnace

J Mater Sci: Mater Electron (2021) 32:10644–10661 10651



annealing process, the grain recrystallization within

the FTO layer was achieved to produce increased

grain sizes, and the higher the temperature, the larger

the SnO2 grains [42]. When the annealing tempera-

ture increased from 200 �C to 300 �C, the grain size

was significantly increased from 30.85 nm to

43.92 nm. The further increase in annealing temper-

ature to 400 �C or 500 �C only led to a slight increase

in grain size (44.76 nm or 45.68 nm). It was noted that

the grain sizes of the Ag/FTO and Ag/FTOL films

that were both annealed at 300 �C for 20 min were

almost the same, being 43.91 nm and 43.92 nm,

respectively.

Figure 7a shows the optical transmittance spectra

and the corresponding average transmittance values

(400–800 nm waveband) of the unetched FTO film,

the Ag/FTO film annealed at 300 �C and the Ag/

FTOL films annealed at different temperatures. The

sharp absorption edges around wavelengths of

300 nm were also observed. It could be found that

when the annealing temperature increased from

200 �C to 300 �C, the average transmittance value of

the film was increased from 76.39% to 78.40%. This

should be ascribed to the significantly increased grain

size that can result in a significantly decreased grain-

boundary area, and thus a remarkable reduction in

scattering loss of the incident light at the grain

boundaries [31, 43]. The Ag nanoparticles on the

surface of the Ag/FTOL film annealed at 400 �C
(Fig. 5e), as compared to that at 300 �C (Fig. 5d), had

a little increase in size and their shape remained

regular spherical, and therefore the light trapping

effect of the Ag nanoparticles was not weakened

obviously. Moreover, the gap area between the Ag

Fig. 5 SEM images of a the

unetched FTO film, b the Ag/

FTO film annealed at 300 �C
and the Ag/FTOL films

annealed at different

temperatures: c 200 �C;
d 300 �C; e 400 �C; f 500 �C.
The insets are the SEM images

of the surfaces inside the laser-

etched grooves on the

corresponding films
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nanoparticles and the SnO2 grain size had no great

difference. All these should be responsible for the

slight decrease in average transmittance value

(78.28%) of the Ag/FTOL film annealed at 400 �C.
However, when the annealing temperature increased

to 500 �C, the size of the Ag nanoparticles on the film

surface was increased significantly and their shapes

were no longer spherical, which seriously affected the

light trapping effect of the Ag nanoparticles. In

addition, the excessive temperature might also cause

ablation of the film [44]. As a result, although the

SnO2 grain size was increased, it still could not

compensate for the loss of optical transmittance, and

thus the average transmittance value of the film

was dramatically reduced to 76.04%. On the whole,

the grain size, the Ag nanoparticle shape and cover-

age area as well as the excessive temperature-caused

ablation should be comprehensively considered for

analyzing the variation of average transmittance at

different annealing temperatures. Due to the weak-

ening of grain-boundary light scattering, the light

trapping effect of Ag nanoparticles and the smaller

coverage area produced by intensively embedding

Ag nanoparticles into the laser-etched grooves [45],

the average transmittance values of the Ag/FTOL

films annealed at 300 �C and 400 �C were signifi-

cantly higher than those of the unetched FTO film

and the Ag/FTO film annealed at 300 �C.
Figure 7b provides the sheet resistance histograms

of the unetched FTO film, the Ag/FTO film annealed

at 300 �C and the Ag/FTOL films annealed at differ-

ent temperatures. It could be observed that the sheet

resistance values of the Ag/FTO film and all the Ag/

FTOL films were smaller than that of the unetched

FTO film. These results should be attributed to four

aspects. Firstly, the high electrical conductivity of

Ag might contribute to electron conduction. Sec-

ondly, the effect of furnace annealing resulted in

increased SnO2 grain sizes and thus reduced grain-

boundary carrier scattering [27]. Actually, the

increase in grain size would cause a decrease in

grain-boundary barrier by reducing the grain-

boundary area, and thus the number of electrons

trapped by the trap level between the grain bound-

aries would be decreased to bring about a high

electrical conductivity [46]. Thirdly, the discontinu-

ously distributed Ag nanoparticles might be con-

ductive under the effects of the quantum mechanical

tunneling in the Ag nanoparticles and/or the ther-

mionic electron emission in the FTO layer [9]. Finally,

when being exposed to light with a certain wave-

length, the Ag nanoparticles might give rise to gen-

erating a localized electric field through the near-field

plasmonic coupling interactions between adjacent Ag

nanoparticles [9, 47]. With regard to all the Ag/FTOL

films, because laser etching would inevitably damage

the FTO conductive layer, their sheet resistance val-

ues were greater than that of the Ag/FTO film

annealed at 300 �C. In addition, the sheet resistance

value of the Ag/FTOL film was decreased from

9.14 to 8.12 X/sq as the annealing temperature

increased from 200 �C to 400 �C. This should be

ascribed to the above second aspect, i.e., the increase

Fig. 6 XRD patterns of the unetched FTO film, the Ag/FTO film

annealed at 300 �C and the Ag/FTOL films annealed at different

temperatures

Table 2 Grain sizes of the unetched FTO film, the Ag/FTO film annealed at 300 �C and the Ag/FTOL films annealed at different

temperatures

Sample FTO Ag/FTO Ag/FTOL L-AZO/Ag/FTOL

200 �C 300 �C 400 �C 500 �C

Grain size (nm) 29.22 43.91 30.85 43.92 44.76 45.68 44.90
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in grain size that caused a reduction in grain-boundary

carrier scattering. Although the Ag/FTOL film

annealed at 500 �C had the largest grain size

(45.68 nm), its sheet resistance value was slightly

increased. The agglomerated ellipsoidal Ag particles

could broaden the dipole resonance to excite more

intense multipole resonance and weaken the electro-

magnetic field effect [33, 48]. The aforementioned

excessive temperature-caused ablation of the film

might result in lattice distortion that would be detri-

mental to carrier transportation [28]. These can pro-

vide the explanation for the slight increase in sheet

resistance of the Ag/FTOL film annealed at 500 �C.

To comprehensively evaluate the film performance

and determine the parameters for preparing the FTO-

based film with the best comprehensive property, the

figure of merit values of the unetched FTO film, the

Ag/FTO film annealed at 300 �C and the Ag/FTOL

films annealed at different temperatures were calcu-

lated using Eq. (2) and the results are shown in

Fig. 7c. It could be found that the figure of merit

values of the Ag/FTOL films were increased at first

and then decreased with the increase of annealing

temperature, and those of the Ag/FTOL films

annealed at 300 �C and 400 �C were obviously

greater than of the unetched FTO film and the Ag/

Fig. 7 Optical and electrical properties of the unetched FTO film,

the Ag/FTO film annealed at 300 �C and the Ag/FTOL films

annealed at different temperatures: a optical transmittance spectra

and corresponding average transmittance values (the inset); b sheet

resistance values; c figure of merit values
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FTO film annealed at 300 �C. The Ag/FTOL film

annealed at 300 �C was found to have the largest

figure of merit value (10.69 9 10–3 X–1), confirming

that this film possessed the best comprehensive

property.

3.3 Preparation and property optimization
of the AZO/Ag/FTOL films

According to the above results, the optimal temper-

ature for furnace annealing of the Ag/FTOL film was

determined to be 300 �C, and therefore the corre-

sponding furnace-annealed Ag/FTOL film (denoted

as F-Ag/FTOL) was chosen for depositing AZO lay-

ers with different thicknesses by magnetron sputter-

ing and then undergoing laser annealing. Figure 8

displays the SEM images of the surfaces outside the

laser-etched grooves on the AZO/Ag/FTOL films

with different AZO layer thicknesses. It could be seen

that after coating the AZO layers, gray fine ZnO

spherical particles appeared on the film surfaces,

which were tightly attached to the SnO2 particles and

the Ag nanoparticles. When the thickness of the AZO

layer was smaller (5 nm), the number of the ZnO

particles was smaller, the distribution was sparse and

the size was smaller. It is well-known that the enough

AZO material supply during magnetron sputtering

that corresponds to a larger AZO layer thickness is

essential to the large and dense ZnO particles.

Therefore, the formation of the sparsely distributed

and smaller-sized ZnO particles under the smaller

AZO layer thickness should be due to the insufficient

AZO material supply. As the AZO layer thickness

increased, the AZO material became relatively suffi-

cient and thus the ZnO particles were increased sig-

nificantly, the distribution was denser, and the size

was larger. When the AZO layer thickness reached

20 nm, the ZnO particles on the surface of the AZO/

Ag/FTOL film were closely arranged with very few

interstices to form a continuous layer (Fig. 8d). These

results are similar to those reported by Kumar et al.

[49] concerning the dependence of ZnS film density

on film thickness (determined by chemical bath

deposition time).

The SEM image of the Ag nanoparticles inside a

laser-etched groove on the AZO/Ag/FTOL film with

the AZO layer thickness of 10 nm, along with the

qualitative illustration for the scattering effect of an

Ag nanoparticle on the incident light, are shown in

Fig. 9. From Fig. 9a, it could be observed that the

sputtered AZO layer became some smaller particles

(about 20 nm in size) and combined with the Ag

nanoparticles to form a kind of core structure, that is,

an Ag nanoparticle with a diameter of about 110 nm

Fig. 8 SEM images of the

surfaces outside the laser-

etched grooves on the AZO/

Ag5/FTOL films prepared

using different AZO layer

thicknesses: a 5 nm; b 10 nm;

c 15 nm; d 20 nm
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was located in the structure center to become the

core, and some smaller ZnO particles were uniformly

adhered on the Ag nanoparticle surface. This kind of

core structure could contribute to the broadband and

wide-angle light scattering, as illustrated in Fig. 9b.

This will be discussed later.

Figure 10a provides the optical transmittance

spectra and the corresponding average transmittance

values (400–800 nm waveband) of the unetched FTO

film, the F-Ag/FTOL film and the AZO/Ag/FTOL

films with different AZO layer thicknesses. The sharp

absorption edges still appeared at wavelengths of

about 300 nm, indicating that coating an AZO layer

had no effect on the interband absorption of the films.

On the whole, the average transmittance values of the

AZO/Ag/FTOL films were firstly increased and then

decreased with the increase of AZO layer thickness. It

was more obvious that when the AZO layer thickness

was smaller (5 nm, 10 nm and 15 nm), the average

transmittance value (78.87%, 79.49%, and 79.24%) of

the AZO/Ag/FTOL film was higher than that of the

F-Ag/FTOL film (78.40%). When the AZO layer was

relatively thick (20 nm), the continuous AZO layer

formed on the film surface could cause a significant

decrease in optical transmittance due to the thickness

effect [50], and thus the average transmittance of the

film was lower than that of the F-Ag/FTOL film.

However, the average transmittance values of all the

AZO/Ag/FTOL films were higher than that of the

unetched FTO film.

The reason that the average transmittance values of

the AZO/Ag/FTOL films with AZO layer thicknesses

of 5 nm, 10 nm and 15 nm was higher than that of the

F-Ag/FTOL film can be presented as follows. On the

one hand, the AZO layer can suppress the internal

light reflection from the Ag nanoparticles to achieve

an anti-reflection effect [6, 51]. Figure 10b shows the

optical reflectance spectra and the corresponding

average reflectance values (400–800 nm waveband) of

the unetched FTO film, the F-Ag/FTOL film and the

AZO/Ag/FTOL films with different AZO layer

thicknesses. A clear observation was that the average

reflectance values of all the AZO/Ag/FTOL films

were lower than those of the FTO film (9.42%) and

the F-Ag/FTOL film (8.54%) and decreased with the

increase of AZO layer thickness. These results

implied that the reflection of the AZO/Ag/FTOL

films to the incident light was suppressed and

thereby the optical transmittance of the films was

improved. On the other hand, the core structure

demonstrated above had a larger Ag nanoparticle as

Fig. 9 a SEM image of the Ag nanoparticles inside a laser-etched

groove on the AZO/Ag/FTOL film with an AZO layer thickness of

10 nm. b A qualitative illustration for the effect of an Ag

nanoparticle on incident light scattering (the color arrows are used

to illustrate the broadband scattering of the Ag nanoparticle only)

(color figure online)

Fig. 10 Optical properties of the unetched FTO film, the F-Ag/

FTOL film and the AZO/Ag/FTOL films prepared using different

AZO layer thicknesses: a optical transmittance spectra and

corresponding average transmittance values (the inset); b optical

reflection spectra and corresponding average reflectance values

(the inset)
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the core (Fig. 9b), which might excite the dipole and

quadrupole plasmon modes, making the incident

light in the long-wavelength region have larger

scattering coefficients. Most significantly, the small-

sized ZnO particles that wrapped the inner core

could act as large-angle scatterers for the short-

wavelength incident light [52, 53]. Therefore, this core

structure could strongly scatter the incident light in a

wide wavelength range. The scattered light would be

redirected by the convex spherical surface of the core

structure for preferentially scattering out of the film,

thereby contributing to the improvement in optical

transmittance of the AZO/Ag/FTOL films.

Figure 11a gives the sheet resistance histograms of

the unetched FTO film, the F-Ag/FTOL film and the

AZO/Ag/FTOL films with different AZO layer

thicknesses. The sheet resistance values of all the

AZO/Ag/FTOL films were found to be smaller than

that of the unetched FTO film (9.80 X/sq). As dis-

cussed before, the electrical conductivity of the F-Ag/

FTOL film was better than that of the unetched FTO

film, and therefore coating the conductive AZO layer

on the F-Ag/FTOL film would further enable the

electrical conductivity to be enhanced [54]. In addi-

tion, the sheet resistance values of these AZO/Ag/

FTOL films were greater than that of the F-Ag/FTOL

film (8.21 X/sq). The presence of the ZnO particles

could certainly result in restriction of the quantum

mechanical tunneling effect in the excited Ag

nanoparticles and the localized electric field caused

by plasmonic coupling between Ag nanoparticles

[47, 55], which should be responsible for the decline

in electrical conductivity of the AZO/Ag/FTOL films.

This restriction would be particularly dominant

when the AZO layer thickness was large enough to

form a continuous layer, and therefore the electrical

conductivity of the AZO/Ag/FTOL film with the

AZO layer thickness of 20 nm was obviously weak-

ened, displaying a sheet resistance value of 8.71 X/
sq. However, due to the small number and sparse

distribution of the ZnO particles on the AZO/

Ag/FTOL films with smaller AZO layer thicknesses

(5 nm, 10 nm and 15 nm), coating the AZO layers

had no obvious effect on their electrical conductivity.

Therefore, their sheet resistance values only exhibited

slight increases.

To determine and compare the comprehensive

properties of the unetched FTO film, the F-Ag/FTOL

film and the AZO/Ag/FTOL films with different

AZO layer thicknesses, their figure of merit values

calculated using Eq. (2) are shown in Fig. 11b. It could

be clearly seen that the figure of merit values of all

the AZO/Ag/FTOL films were greater than that of

the unetched FTO film. When the AZO layer thick-

ness was 5 nm, the figure of merit value was

11.27 9 10–3 X–1. As the AZO layer thickness

increased to 10 nm, the figure of merit value reached

the maximum (12.09 9 10–3 X–1), which was greater

than those of the unetched FTO film and the F-Ag/

FTOL film. Further increasing AZO layer thickness

led to decreases in figure of merit value, and even

produced a figure of merit value of 9.76 9 10–3 X–1

that was smaller than that of the F-Ag/FTOL film as

the AZO layer thickness increased to 20 nm. It can

thus be determined that the AZO/Ag/FTOL film with

an AZO layer thickness of 10 nm had the best com-

prehensive property.

According to the above results, the optimal AZO

layer thickness was determined to be 10 nm, and

therefore the corresponding AZO/Ag/FTOL film

was chosen for laser annealing (denoted as L-AZO/

Ag/FTOL film). The SEM image of the L-AZO/Ag/

FTOL film is shown in Fig. 12a. It could be obviously

observed that the particles on the surface outside the

Fig. 11 a Sheet resistance

values and b figure of merit

values of the unetched FTO

film, the F-Ag/FTOL film and

the AZO/Ag/FTOL films

prepared using different AZO

layer thicknesses
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laser-etched groove were melted and recrystallized

into long strip shapes under the laser-induced ther-

mal effect, showing a grating-like structure. The XRD

pattern of the L-AZO/Ag/FTOL film is provided in

Fig. 12b, along with those of the unetched FTO film

and the F-Ag/FTOL film for comparison. The

L-AZO/Ag/FTOL film also showed the tetragonal

SnO2 peaks (JCPDS No. 41-1445) without Ag peaks

that were the same as those of the unetched FTO film

and the F-Ag/FTOL film. It is worth noting that the

SnO2 (200) peak intensity of the L-AZO/Ag/FTOL

film was significantly higher than those of the unet-

ched FTO film and the F-Ag/FTOL film, which veri-

fied that laser annealing could enhance the film

crystallinity. The grain size of the L-AZO/Ag/FTOL

film calculated using Eq. (3) is also listed in Table 2.

The L-AZO/Ag/FTOL film had a relatively large

grain size of 44.90 nm as compared to the unetched

FTO film (29.22 nm) and the F-Ag/FTOL film

(43.92 nm), indicating that laser annealing further

facilitated grain growth in the film [56].

The average transmittance and sheet resistance

values of the unetched FTO film, the F-Ag/FTOL film

and the L-AZO/Ag/FTOL film are displayed in

Fig. 13a. It could be found that both the average

transmittance (82.67%) and the sheet resistance (7.12

X/sq) of the L-AZO/Ag/FTOL film were obviously

improved compared to the unetched FTO film and

the F-Ag/FTOL film. This was believed to mainly

result from the enlarged grains after laser annealing

that could reduce the grain-boundary light and car-

rier scattering losses [57]. Kumar et al. [58] have also

reported an increase in optical transmittance origi-

nated from the increase in grain size. Certainly, the

grating-like structure on the L-AZO/Ag/FTOL film

might also play a role in enhancing its optical trans-

mittance through anti-reflection effect [51]. Fig-

ure 13b presents the figure of merit values of the

unetched FTO film, the F-Ag/FTOL film and the

L-AZO/Ag/FTOL film. It could be directly deter-

mined that the L-AZO/Ag/FTOL film had the best

comprehensive property, showing a figure of merit

value of 20.94 9 10–3 X–1 that was much higher than

those of the unetched FTO film and the F-Ag/FTOL

film. This work may provide an effective approach

for developing high-performance Ag-embedded

FTO-based films.

Fig. 12 a SEM image of the

L-AZO/Ag/FTOL film; b XRD

patterns of the unetched FTO

film, the F-Ag/FTOL film and

the L-AZO/Ag/FTOL film

Fig. 13 Optical and electrical

properties of the unetched

FTO film, the F-Ag/FTOL film

and the L-AZO/Ag/FTOL film:

a average transmittance and

sheet resistance values;

b figure of merit values
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4 Conclusion

Ag-embedded FTO films were prepared by laser

etching of FTO films (FTOL), magnetron sputtering of

5-nm-thick Ag layer on the FTOL films (Ag/FTOL)

and furnace annealing of the Ag/FTOL films (F-Ag/

FTOL). The results showed that laser-etched grooves

without large pits but shoulder-like protrusions were

produced at a laser fluence of 0.4 J/cm2. The corre-

sponding FTOL film had the smallest RMS roughness

of 0.12 lm and the highest figure of merit of

7.74 9 10–3 X–1. The furnace annealing of the F-Ag/

FTOL film at 300 �C resulted in the formation of rel-

atively small and densely distributed Ag nanoparti-

cles intensively embedded into the laser-etched

grooves. The resulting F-Ag/FTOL film exhibited the

largest grain size of 43.92 nm and the highest fig-

ure of merit of 10.69 9 10–3 X–1. The further property

optimization of the F-Ag/FTOL film by depositing

AZO layers (AZO/Ag/FTOL) showed the increased

number, density and size of the ZnO particles with

increasing AZO layer thickness, and a kind of core

structure was observed inside the laser-etched groove

at an AZO layer thickness of 10 nm. Laser annealing

of the AZO/Ag/FTOL film (L-AZO/Ag/FTOL) led to

the formation of a grating-like structure with an

increased grain size of 44.90 nm, thus achieving the

best comprehensive property with an average trans-

mittance of 82.67%, a sheet resistance of 7.12 X/sq
and a figure of merit of 20.94 9 10–3 X–1. This work is

expected to provide some valuable reference for

improving the comprehensive property of TCO-

based films.
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Falcão, J. Soares, A. Araújo, A. Vicente, S.A. Filonovich, H.

Águas, R. Martins, I. Ferreira, Ag and Sn nanoparticles to

enhance the near-infrared absorbance of a-Si: H thin films.

Plasmonics 9, 1015–1023 (2014)

49. A. Kumar, D. Pednekar, S. Mukherjee, R.K. Choubey, Effect

of deposition time and complexing agents on Hierarchical

nanoflakes CdS structured thin films. J. Mater. Sci. - Mater.

Electron. 31, 17055–17066 (2020)

50. Q. Wang, B. Li, F. Toor, H. Ding, Novel laser-based meta-

surface fabrication process for transparent conducting sur-

faces. J. Laser Appl. 31, 022505 (2019)

51. R. Chen, Z. Hu, Y. Ye, J. Zhang, Z. Shi, Y. Hua, An anti-

reflective 1D rectangle grating on GaAs solar cell using one-

step femtosecond laser fabrication. Opt. Lasers Eng. 93,

109–113 (2017)

52. X. Chen, B. Jia, J.K. Saha, B. Cai, N. Stokes, Q. Qiao, Y.

Wang, Z. Shi, M. Gu, Broadband enhancement in thin-film

amorphous silicon solar cells enabled by nucleated silver

nanoparticles. Nano Lett. 12, 2187–2192 (2012)

53. C.P. Burrows, W.L. Barnes, Large spectral extinction due to

overlap of dipolar and quadrupolar plasmonic modes of

metallic nanoparticles in arrays. Opt. Express 18, 3187–3198

(2010)

54. B.J. Li, G.Y. Yang, L.J. Huang, T.Y. Wang, N.F. Ren, Effects

of BN layer on photoelectric properties and stability of flex-

ible Al/Cu/ZnO multilayer thin film. Ceram. Int. 46,

14686–14696 (2020)

55. C.-T. Wu, Y.-R. Ho, D.-Z. Huang, J.-J. Huang, AZO/silver

nanowire stacked films deposited by RF magnetron sputtering

for transparent antenna. Surf. Coat. Technol. 360, 95–102

(2019)

56. B.J. Li, G.Y. Yang, L.J. Huang, W. Zu, H. Li, Y.L. Wang, S.S.

Li, N.F. Ren, Surface morphology and photoelectric proper-

ties of FTO ceramic thin films under a simple transparent

cover-assisted laser annealing. Mater. Res. Bull. 108,

151–155 (2018)

57. B.J. Li, Y.Y. Wang, L.J. Huang, H.D. Cao, Q.H. Wang, N.F.

Ren, H.T. Ding, Ultrasonic-vibration-assisted laser annealing

of fluorine-doped tin oxide thin films for improving optical

and electrical properties: Overlapping rate optimization.

Ceram. Int. 44, 22225–22234 (2018)

58. S. Kumar, H.C. Jeon, T.W. Kang, R. Seth, S. Panwar, S.K.

Shinde, D.P. Waghmode, R.G. Saratale, R.K. Choubey,

Variation in chemical bath pH and the corresponding pre-

cursor concentration for optimizing the optical, structural and

morphological properties of ZnO thin films. J. Mater. Sci.

Mater. Electron. 30, 17747–17758 (2019)

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

J Mater Sci: Mater Electron (2021) 32:10644–10661 10661


	Preparation and property optimization of silver-embedded FTO transparent conductive thin films by laser etching and coating AZO layer
	Abstract
	Introduction
	Experimental details
	Laser etching of FTO films
	Preparation and furnace annealing of Ag/FTOL films
	Preparation and laser annealing of AZO/Ag/FTOL films
	Characterization

	Results and discussion
	Preparation and property optimization of the FTO films with laser-etched grooves
	Preparation and property optimization of the furnace-annealed Ag/FTOL films
	Preparation and property optimization of the AZO/Ag/FTOL films

	Conclusion
	Acknowledgements
	References




