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a b s t r a c t 

Transparent conducting oxide (TCO) films are widely used throughout the optoelectronics industry. The present 

study explores the optoelectronic responses of AgZr (AZ) and ITO/AgZr (IAZ) thin film metallic glasses (TFMGs) 

with different Ag and Zr compositions and processed by two different annealing methods, namely furnace anneal- 

ing (FA) and laser annealing (LA). Among the various as-deposited AZ and IAZ films, the ITO/Ag 66 Zr 34 (IA6Z) film 

has the highest optical transmittance (55.7%) and the lowest sheet resistance (145.8 Ω/ □) For the FA samples, 

an annealing temperature of 300 °C results in the optimal optoelectronic properties, namely a transmittance of 

68.4% and a sheet resistance of 47.2 Ω/ □. For the LA samples, the optimal processing conditions (a pulse energy 

of 2.5 𝜇J and a repetition rate of 150 kHz) yield optical transmittance and sheet resistance values of 64.0% and 

17.8 Ω/ □ respectively. The optimal LA processing conditions increase the Haacke figure of merit of the IA6Z sam- 

ple from 2.0 ×10 − 5 in the as-deposited condition to 6.5 ×10 − 4 Ω− 1 under the annealed condition; corresponding 

to a 32.5-fold improvement. Finally, the relative change in resistivity ( ΔR/R 0 , where R 0 is the initial resistivity, 

R i is the measured resistivity after a certain number of cycles, and ΔR is R i − R 0 ) of the as-deposited IA6Z sample 

following fatigue testing (10,000 cycles) with a bend radius of 7 mm ( ΔR/R 0 = 0.49) is significantly lower than 

that of a pure ITO film of roughly equivalent thickness ( ΔR/R 0 = 0.93). 
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. Introduction 

Transparent conducting oxide (TCO) films have outstanding optical

ransmittance and electric conductivity properties. As a result, they are

xtensively and ubiquitously applied to optoelectronics and semicon-

uctor industries for various purposes, such as organic LEDs (OLEDs),

at panel displays (FPDs), low-emissivity (low-E) coatings, solar cells,

nd touch panels [1–7] . Among various available TCOs, indium tin oxide

ITO) is one of the most commonly used due to its high optical transmit-

ance in the visible range and low electrical resistivity [8,9] . However, to

inimize the sheet resistance, the ITO thickness should exceed 100 nm

10,11] . As a result, the device cost is remarkably increases. Moreover,

TO films are inherently brittle, and are hence prone to micro-cracking

nd an increased resistivity under the tensile and/or fatigue loads en-

ountered under typical service conditions. Accordingly, the problem of

inimizing the usage of indium in multilayer electrodes has attracted

ignificant attention in the literature [12–14] . 

Various studies have shown that ITO-metal-ITO sandwich structures

ncorporating highly-conductive pure metallic films (e.g. Ag or Cu) not

nly reduce the ITO cost, but also result in superior electrical conductiv-
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ty and optical transmittance properties in the visible light range [15–

7] . ITO/thin film metallic glass (TFMG) bi-layer systems are also an

ffective means of reducing the ITO cost and maintaining a good opto-

lectronic performance given an appropriate design of the TFMG com-

osition and thickness [18,19] . TFMGs have a high nucleation rate and

 thickness much lower than that of the metal layers used in traditional

TO sandwich structures. Consequently, they have attracted great inter-

st in the optoelectronics and semiconductor industries in recent years

20] . 

In addition to TFMGs, TFMG composites (TFMGCs) have also been

roposed, and their pure metallic glass layer is replaced by a composite

ayer consisting of nanocrystalline phases [21,22] . TFMGCs have sig-

ificantly different properties from those of conventional metals and

lloys, such as Ni-Cr film [23] . Huang et al [24,25] showed that the

morphous structures have an inherently higher resistivity due to their

andom atomic packing and the existence of free volume and vacan-

ies. In contrast, TFMGCs, with partially nanocrystal and glassy region,

ossess better electric conductivity and good mechanical property in

l-based and Ag-based TFMGs/TFMGCs system. 

Many studies have shown that the optical and electrical properties of

s-deposited metallic thin films can be improved by thermal treatment,
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Fig. 1. X-ray diffraction scans of Ag-Zr monolithic films on glass substrate. 
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Fig. 2. Surface morphologies of as-deposited films: (a) Ag 66 Zr 34 (A6Z) and (b) 

Ag 50 Zr 50 (A5Z). 
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uch as furnace annealing (FA) or laser annealing (LA) [26–31] . More-

ver, the physical properties of TCO materials can be upgraded during

he heat treatment [32,33] , treating TCO films under high temperature

generally 400–700 °C) results in the elimination or even to recrystal-

ization. However, traditional FA process involves treating whole work-

ieces in heat furnace. It is unsuitable for manufacturing products which

onsisted of the low melting materials such as glass or plastic substrate.

n contrast, LA provides an efficient way to achieve local annealing TCO

lms to resolve the problems. With LA technology, photon energy is fo-

used on the surface layer of the TCO films rather than the whole pieces.

he temperature can rapid rise within a short time while the annealing

ffects can be achieved without damage to substrate by precisely control

A parameters [34–37] . 

Accordingly, the present study deposits AgZr (AZ) monolithic films

nd ITO/AZ (IAZ) bi-layer films with Ag contents ranging from 23 at%

o 66 at% on glass substrates using a magnetron sputtering system. The

ptical and electronic properties of the AZ and IAZ films are investigated

nder the as-deposited condition and treated FA treatment at temper-

tures ranging from 100 °C–400 °C and LA processing with repetition

ates ranging from 100–400 kHz and irradiation powers of 42–545 mW.

inally, the bending fatigue properties of the IAZ samples are examined

y measuring the change in electrical resistivity during cyclic bending

ests with a bend radius of 7 mm. 
101 
. Experimental details 

.1. Sample preparation 

AZ and IAZ films were deposited on glass substrates using a mag-

etron sputtering system (Kao Duen Co.) with Ag, Zr and ITO targets.

he glass substrates were purchased from Nippon Electric Glass Co. (OA-

0 G type) and had an optical transmittance of 92% for a normal incident

avelength of 550 nm. The Ag and Zr targets had purities of 99.99%,

hile the ITO target comprised 90 wt% In 2 O 3 and 10 wt% SnO. All of

he targets had a diameter of 50.8 mm and were sputtered at a working

ressure of 5.0 ×10 − 3 torr. Prior to the deposition process, the chamber

as evacuated to 2.0 ×10 − 6 torr and then backfilled with high purity Ar

as. To evaluate the effects of the film composition on the optical and

lectrical properties of the AZ and IAZ films, the discharge power of the

g target was varied to obtain four different AZ films, namely Ag 66 Zr 34 

denoted hereafter as A6Z), Ag 50 Zr 50 (denoted as A5Z), Ag 33 Zr 67 (de-

oted as A3Z) and Ag 23 Zr 77 (denoted as A2Z), and to evaluate the ef-

ects of the film composition on the optical and electrical properties of

he AZ and IAZ films. The compositions are expressed all in atomic per-

entage (at%) terms. For each AZ film, the sputtering time was carefully

ontrolled to achieve a final film thickness of 10 nm. IAZ bi-layer films

ere then prepared by sputtering an ITO layer with a thickness of 30 nm

n top of each AZ film. 
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Fig. 3. TEM characterization results for as- 

deposited: (a) A2Z film, and (b) IA6Z film. (c) 

SAED of pure ITO layer. 

Table 1 

Sheet resistance, optical transmittance and figure of merit of as-deposited AZ 

and IAZ films with various compositions. 

Rs ( Ω/ □) T (%) 𝜙TC ( Ω− 1 ) 

A2Z 1050.0 44.5 2.9 ×10 − 7 

A3Z 972.3 40.0 1.1 ×10 − 7 

A5Z 729.0 47.1 7.4 ×10 − 7 

A6Z 195.1 47.5 3.0 ×10 − 6 

IA2Z 927.4 51.0 1.3 ×10 − 6 

IA3Z 904.5 46.3 5.0 ×10 − 7 

IA5Z 609.3 52.5 2.6 ×10 − 6 

IA6Z 145.8 55.7 2.0 ×10 − 5 

2

 

e  

i  

w  

a  

m  

c  

r  

4  

5  

T

E  

w  

t  

r  

f

2

 

s  

t  

a  

s  

B  

w  

0  

o  

(  

(  

t  

3  

P  

m

 

b

ϕ

w  
.2. Heat treatment 

The as-deposited AZ and IAZ films were processed using two differ-

nt annealing methods, namely furnace annealing (FA) and laser anneal-

ng (LA). To determine the optimal annealing parameters, the FA process

as performed at various temperatures in the range of 100–400 °C with

 heating rate of 5 °C/min and holding time of 1 h in every case to deter-

ine the optimal annealing parameters. Similarly, the LA process was

onducted using a fiber laser (SPI-12, UK; 1064 nm wavelength) with

epetition rates of 100 ∼400 kHz and irradiation powers ranging from

2 ∼545 mW. For all of the LA trials, the laser scanning speed was set as

 mm/s, the laser spot size as 40 𝜇m, and the pulse duration as 30 ns.

he pulse energy (E) was evaluated as [38] 

 = P ∕rep , (1)
AVG t  

102 
here P AVG and rep denote the average power of the pulse laser and

he laser repetition rate, respectively. For the irradiation powers and

epetition rates considered in the present study, the pulse energy varied

rom 1.0 to 2.5 𝜇J. 

.3. Basic characterization 

The sheet resistance (R s ) of the various AZ and IAZ films was mea-

ured using a four-point probe (SR-H1000C). In addition, the optical

ransmittance (T) was measured over the range of 200 ∼1100 nm using

 UV–vis-IR spectrophotometer (Lambda 35, PerkinElmer). The basic

tructures of the films were characterized by X-ray diffractometer (XRD,

ruker D8) by using monochromatic Cu-K 𝛼 radiation ( 𝜆€= 0.154 nm),

ith operational settings of 40 kV and 40 mA, respectively, and a

.01 mm graphite monochromator. The morphologies and compositions

f the various films were examined by scanning electron microscopy

SEM, JEOL JSM 7600F) and energy dispersive X-ray spectrometry

EDS), respectively. Cross-section TEM foils for microstructure observa-

ions were prepared using a dual-focus ion beam system (FIB, SEIKO SMI

050) with an operating voltage of 30 kV and a 1 pA ion beam current.

hase identification was performed via analytical transmission electron

icroscopy (TEM, JEOL 3010) with an operating voltage of 200 kV. 

The performance of the transparent conductive films was evaluated

y means of the following figure of merit (FOM) ( 𝜙TC ) [39] : 

TC = T 10 ∕ R s , (2) 

here T is the transmittance (expressed in percentage terms) and R s is

he sheet resistance (measured in units of Ω/ □). A higher FOM value
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Fig. 4. Sheet resistance and optical transmittance of as-deposited AZ films. 

Fig. 5. Figure of merit values of as-deposited AZ and IAZ films. 
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Table 2 

Sheet resistance, optical transmittance and figure of merit of furnace-annealed 

IAZ films with various AZ compositions. 

Rs ( Ω/ □) T (%) 𝜙TC ( Ω− 1 ) 

100 °C IA2Z 1170.0 49.5 7.5 ×10 − 7 

IA3Z 998.0 46.9 5.2 ×10 − 7 

IA5Z 486.0 40.2 2.3 ×10 − 7 

IA6Z 37.8 60.0 1.6 ×10 − 4 

200 °C IA2Z 985.5 51.4 1.3 ×10 − 6 

IA3Z 879.7 47.2 6.2 ×10 − 7 

IA5Z 379.1 48.2 1.8 ×10 − 6 

IA6Z 33.3 62.7 2.8 ×10 − 4 

300 °C IA2Z 1070.0 50.6 1.0 ×10 − 6 

IA3Z 985.5 48.6 7.5 ×10 − 7 

IA5Z 306.4 53.5 6.3 ×10 − 6 

IA6Z 47.2 68.4 4.8 ×10 − 4 

400 °C IA2Z 1440.0 65.6 1.0 ×10 − 5 

IA3Z 1140.0 60.2 5.5 ×10 − 6 

IA5Z 882.0 54.0 2.4 ×10 − 6 

IA6Z 82.3 71.5 4.3 ×10 − 4 

Fig. 6. Figure of merit values of furnace annealed FA IAZ films. 
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ndicates a better combination of transmittance (higher is better) and

esistance (lower is better). 

Finally, the fatigue properties of the IAZ samples were examined by

easuring the change in electrical resistivity during cyclic bending tests.

he tests were performed at a speed of 1 cycle/s with a bending curva-

ure of R = 7 mm. The test specimens were deposited on PET substrates

ith a thickness of 50 𝜇m. For each sample, the bending strain, 𝜀 , was

alculated as 

 = h s ∕ 2R × 100 % , (3) 

here h s is the combined substrate and film thickness (PET substrate

0 𝜇m). Therefore, the bending strain per cycle was therefore equal to

.36%. 

. Results and discussion 

.1. Basic characterization of as-deposited films 

Fig. 1 (a) presents the XRD patterns of the as-deposited A2Z, A3Z

nd A5Z films. For all of the films, the XRD patterns are dominated by

road diffused humps, which indicate that the films have an amorphous

tructure. By contrast, the A6Z sample exhibits a strong peak at 38° (see

ig. 1 (b)). The peak is indexed to the Ag-(111) plane and indicates that

he film has a composite structure consisting of nanocrystalline face-

entered cubic Ag phase embedded in an amorphous matrix. The SEM
103 
mages presented in Fig. 2 show that the A5Z sample and A6Z sample

oth have a smooth surface without crystalline features. It is noted that

his observation is consistent with the results presented previously for

TO/CuMg and ITO/ZrCu thin films in [18,19,40] . 

Fig. 3 presents the cross-sectional TEM images of the as-deposited

2Z and IA6Z samples. The images show that both films have a relatively

mooth and continuous structure. Previous studies have shown that

mooth and continuous structures are beneficial in enhancing the opto-

lectronic properties of similar monolithic and bi-layer structures [18] .

ig. 3 (c) shows that the as-deposited ITO film has an amorphous struc-

ure. Overall, Figs. 2 and 3 show that the present AZ and IAZ films pos-

ess a relatively smooth and continuous structure even though they have

 thickness of only ∼10 nm. In other words, the present TFMG/TFMGC

lms are suitable candidates for minimizing the usage of ITO in multi-

ayer electrodes while maintaining good optoelectronic properties. 

Fig. 4 shows the sheet resistance and optical transmittance prop-

rties of the as-deposited AZ samples as a function of the Ag content.

s shown, the sheet resistance decreases with an increasing Ag con-

ent, i.e. from 1050 Ω/ □ for the Ag 23 Zr 77 sample to 195 Ω/ □, for

he Ag 66 Zr 34 sample. By contrast, the transmittance of the AZ films in-

reases slightly (from 44.5% to 47.5%) as the Ag content increases. In

eneral, the results indicate that the electrical and optical properties of

he as-deposited AZ films are both improved with a higher Ag addition.

able 1 shows the sheet resistance, transmittance and figure of merit

alues for all of the as-deposited AZ and IAZ films. It is seen that the

heet resistance of the IAZ films is lower than that of their AZ coun-

erparts. For example, given an Ag content of 23 at%, the IA2Z film
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Fig. 7. XRD scans of IA6Z films processed by FA at different temperatures. 
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as a sheet resistance of 927 Ω/ □, while the A2Z film has a resistance

f 1050 Ω/ □. For both types of film (i.e. monolithic and bi-layer), the

heet resistance decreases with an increasing Ag content. Comparing the

wo different types of film, it is seen that the bi-layer structures have

 higher optical transmittance than the monolithic films. The present

esults are thus consistent with those reported in previous studies for

TO/CuMg systems [18,19] . Fig. 5 shows the figure of merit values for

ll the as-deposited AZ and IAZ films. The results confirm that, for a

iven Ag content, the bi-layer films provide a better optoelectronic per-

ormance than the monolithic films. Moreover, among all of the films,

he IA6Z film achieves the best performance with a figure of merit equal

o 2.0 ×10 − 5 . 

.2. Furnace annealing effects 

Table 2 shows the sheet resistance, optical transmittance and figure

f merit values of the IAZ bi-layer films furnace annealed at temper-

tures of 100–400 °C. The results show that a high annealing temper-

ture (400 °C) leads to a significant increase in the sheet resistance;

articularly in the samples with a higher Ag content. For the IA5Z

nd IA6Z samples, the figure of merit and transmittance are improved

hen using annealing temperatures of 300 and 400 °C, respectively.

ig. 6 presents the figure of merit values for all the furnace annealed
104 
AZ films. Among all the films, the IA6Z film annealed at 300 °C has the

ighest figure of merit (i.e. 4.8 ×10 − 4 Ω− 1 ). In particular, the annealing

rocess increases the optical transmittance by approximately 23% com-

ared to the as-deposited sample (55.7% to 68.4%; see Tables 1 and

 ) and reduces the sheet resistance by around 68% (145.8 Ω/ □ to

7.2 Ω/ □). 

Fig. 7 shows the XRD patterns of the IA6Z films annealed at tem-

eratures of 100 ∼400 °C. For annealing temperatures of 300 °C or

ore, the XRD patterns contain both In 2 O 3 and ZrO 2 crystalline peaks.

ig. 8 presents the TEM characterization results for the IA6Z film pro-

essed at the optimal annealing temperature of 300 °C. The selected area

lectron diffraction (SAED) pattern shown in Fig. 8 (b) confirms that the

nnealed IA6Z film contains many crystalline phases, including In 2 O 3 ,

rO 2 and Ag. By contrast, the SAED pattern in Fig. 3 (c) shows that the

ure ITO film deposited on the AZ layer has a fully amorphous struc-

ure in the as-deposited condition. In other words, the ITO and AZ film

hange from an amorphous structure to a crystalline structure during

he annealing process. Among the crystalline phases shown in Fig. 8 (b),

rO 2 possesses low electrical conductivity, and therefore accounts for

he increased sheet resistivity of the samples annealed at temperatures

f 300 or 400 °C. However, crystalline In 2 O 3 is beneficial in improving

he optical transmittance [29] . Consequently, the optical transmittance

f the annealed film is improved due to presence of ZrO 2 and In 2 O 3 . 

.3. Laser annealing effects 

Table 3 shows the sheet resistance, optical transmittance and figure

f merit values for the IAZ films laser-annealed with a repetition rate of

50 kHz and pulse energies ranging from 1.0 ∼2.5 𝜇J. For a given Ag con-

ent, the sheet resistance decreases and the transmittance increases with

n increasing pulse energy. Similarly, for a given pulse energy, the sheet

esistance reduces as the Ag content increases, while the transmittance

ncreases. As for the LA samples, the IA6Z film achieves the highest fig-

re of merit, irrespective of the pulse energy. Fig. 9 shows the figure of

erit values for the IA6Z film given pulse energies of 2.0 𝜇J and 2.5 𝜇J

nd various values of the repetition rate in the range of 100 ∼400 kHz.

t is seen that the optimal annealing parameters are a pulse energy of

.5 𝜇J and a repetition rate of 150 kHz. From Table 3 , the correspond-

ng values of the optical transmittance and sheet resistance are 64.0%

nd 17.8 Ω/ □, respectively. Moreover, the figure of merit is equal to

.5 ×10 − 4 Ω− 1 . In other words, the optimal LA processing conditions

esult in a 32.5-fold improvement in the Haacke figure of merit com-

ared to that of the IA6Z film in the as-deposited condition (2.0 ×10 − 5 ,

ee Table 1 ). Fig. 10 shows the TEM characterization results for the op-

imal IA6Z sample laser annealed with a pulse energy of 2.5 𝜇J and a

epetition rate of 150 kHz. The SAED pattern shows that the IA6Z sam-
Fig. 8. TEM characterization results for IA6Z 

film processed by FA at 300 °C: (a) bright field 

image, and (b) corresponding SAED. 
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Table 3 

Sheet resistance, optical transmittance and figure of merit of laser-annealed IAZ 

films with various AZ compositions at a repetition rate of 150 kHz. (Note that 

laser repetition rate is 150 kHz.). 

Rs ( Ω/ □) T (%) 𝜙TC ( Ω− 1 ) 

1.0 𝜇J IA2Z 1120.0 45.7 3.6 ×10 − 7 

IA3Z 1222.0 46.1 3.6 ×10 − 7 

IA5Z 135.0 48.5 4.7 ×10 − 6 

IA6Z 22.9 60.5 2.9 ×10 − 4 

1.5 𝜇J IA2Z 1060.0 46.4 4.4 ×10 − 7 

IA3Z 990.0 45.8 4.1 ×10 − 7 

IA5Z 122.4 51.0 9.7 ×10 − 6 

IA6Z 22.7 61.2 3.2 ×10 − 4 

2.0 𝜇J IA2Z 953.7 47.1 5.6 ×10 − 7 

IA3Z 706.0 47.1 7.6 ×10 − 7 

IA5Z 104.4 52.9 1.6 ×10 − 5 

IA6Z 20.7 63.4 5.1 ×10 − 4 

2.5 

𝜇J 

IA2Z 803.7 48.1 8.3 ×10 − 7 

IA3Z 481.0 47.7 9.8 ×10 − 7 

IA5Z 93.6 51.2 1.3 ×10 − 5 

IA6Z 17.8 64.0 6.5 ×10 − 4 

Fig. 9. Figure of merit results for I6AZ films processed by LA with different 

pulse energies and repetition rates. 
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Fig. 11. Relative change in resistivity ( ΔR/R 0 ) of as-deposited IAZ films follow- 

ing fatigue tests (10,000 cycles) with bending radius of 7 mm. 
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le contains many phases, including In 2 O 3 (222), In 2 O 3 (400), In 2 O 3 

440), Ag (111), and Ag (200) (see Fig. 10 (b)). Notably, compared to the

A sample, the laser-annealed IA6Z sample contains no ZrO 2 crystalline
105 
hase. This finding is reasonable since the LA process is characterized

y an intense, but ultrafast, heating of the sample surface, which limits

he time available for oxide generation. 

Fig. 11 shows the change in resistivity ( ΔR/R 0 , where R 0 is the initial

esistivity, R i is the measured resistivity after 10,000 cycles, and ΔR is

 i - R 0 ) of the as-deposited IAZ films following fatigue testing with a

ending radius of 7 mm. It is seen that the change in resistivity increases

ith a decreasing Ag content. Previous studies have reported that the

R/R 0 value for a pure ITO film with a thickness of 30 nm is around 0.93

41] . Thus, the results presented in Fig. 11 show that the majority of the

AZ films have a more stable electrical resistivity than the pure ITO film

nder bending. For example, the ΔR/R 0 value of the IA6Z film is just

.49 following 10,000 bending cycles. The improvements of ΔR/R 0 in

he current films are quite pronounced. 

. Conclusions 

This study has examined the optoelectronic properties of monolithic

g-Zr (AZ) and bi-layer ITO/Ag-Zr (IAZ) thin films deposited on glass

ubstrates and then processed by furnace annealing and laser anneal-

ng. Among all the as-deposited films, the Ag 66 Zr 34 IAZ film achieves

he best overall performance, i.e. an optical transmittance of 55.7%

nd an electrical resistivity of 145.8 Ω/ □. The corresponding figure of

erit is equal to 2.0 ×10 − 5 Ω− 1 . Following furnace annealing at 300 °C,
Fig. 10. TEM characterization results for IA6Z 

film processed by LA with pulse energy of 

2.5 𝜇J: (a) bright field image, and (b) corre- 

sponding SAED. 
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[  
he Ag 66 Zr 34 IAZ film has an optical transmittance of 68.4% (i.e. 23%

igher than the as-deposited film) and a sheet resistance of 47.2 Ω/ □
i.e. 68% lower than the as-deposited film). The corresponding figure of

erit is equal to 4.8 ×10 − 4 . Given the optimal laser annealing parame-

ers (i.e. a pulse energy of 2.5 𝜇J and a repetition rate of 150 kHz), the

g 66 Zr 34 IAZ film has a transmittance of 64.0% and a sheet resistance of

7.8 Ω/ □. The corresponding figure of merit is equal to 6.5 ×10 − 4 . This

alue is higher than that for the optimal FA process (4.8 ×10 − 4 ). Thus,

t is inferred that the laser annealing process results in better optical and

lectrical properties than the furnace annealing process. Finally, the rel-

tive change in resistivity ( ΔR/R 0 = 0.49) of the as-deposited Ag 66 Zr 34 

AZ sample following 10,000 bending cycles with a bend radius of 7 mm

s significantly lower than that of a pure ITO film of roughly equivalent

hickness ( ΔR/R 0 = 0.93). In other words, the bi-layer IAZ structure not

nly yields good optoelectronic properties, but also improves the bend-

ng fatigue resistance compared to a pure ITO film. 
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