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Abstract: Bond Properties were performed on Ag-2.35Au-0.7Pd-0.2Pt-0.1Cu alloy wire with a diam-

eter of 25 µm under different process parameters. Effects of electrical flaming off (EFO) current and 

EFO time on deformability of the free air ball (FAB) were investigated using scanning electron mi-

croscopy (SEM) as well as the effects of ultrasonic power and bonding force on the bond character-

istic. The experimental results showed that, FAB grows from a preheated tip to a small ball, a regular 

ball and finally to a golf ball with increasing either the EFO current or the EFO time, and the FAB 

presented optimal shape at 25 mA and 650 μs. Moreover, a nonlinear relationship between FAB 

diameter and EFO time is obtained at the EFO current of 25 mA, which could be expressed by a 

cubic equation. Further, at a constant bonding force, as the ultrasonic power increased, the mashed 

ball diameter grew larger and larger, the capillary hole imprint became more and more obvious, 

and the tail width also increased larger and larger, and vice versa. The optimal ultrasonic power 

and bonding force are 70 mW and of 45 gf for ball bond and 90 mW and 75 gf for wedge bond, 

respectively. Finally, for all the bonded wire samples prepared under optimal process parameters, 

no ball and wedge bond lifts happened after destructive pull test, and full intermetallic compound 

coverage with perfect morphology occurred on the bond pad after ball shear test, which meant that 

the bonded wire samples have high bond strength, and hence improved the reliability of microelec-

tronic products. 
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1. Introduction 

Microelectronics packaging is an overarching part of the microelectronics industry, which is one 

of the main pillar industries in the world. Microelectronic products have been extensively used in all 

fields of social life, and is driving the continuous development and technology innovation of the 

overall electronic industry, whose quality and lifespan are influenced by microelectronic packaging 

technology [1]. Wire bonding is the most common technique for forming electrical interconnections 

in the microelectronics industry because of its cost-effectiveness, flexibility and robustness, which 

forms the primary semiconductor packages in the field of microelectronic packaging currently [2-4]. 

The bonding wire, an essential structural material for microelectronic packaging, plays a significant 

role in connecting the integrated circuit (IC) chips to the metal lead frame [5]. 

Au bonding wire, as the earliest and most widely used bonding wire, has excellent mechanical 

and electrical properties, high reliability, and ease of assembly. However, due to the increasingly high 

cost of Au and its limited performance development in recent years, alternative bonding wires have 

been considered [6-9]. Cu bonding wire is a preferred alternative material because of its lower cost, 

slower intermetallic growth on Al pads, and higher thermal conductivity and mechanical strength 

compared with Au bonding wire [10-12], while researchers agree that Cu bonding wire is not the 

definitive substitute for Au bonding wire due to its high hardness and oxidation rate and complex 
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bonding process that will result in damage of pad during bond [13-15]. Ag bonding wire, as a prom-

ising material for the development trend of microelectronic packaging with high density, high inte-

gration, and high speed, has lower cost, better manufacturability, and higher reliability than Au and 

Cu bonding wires [16-18], and it has been utilized in integrated circuit (IC) and light-emitting diode 

(LED) packaging [19-21]. 

However, pure Ag wire has some problems such as easy oxidation, easy collapse, and Ag+ mi-

gration that make it applied inconveniently, the alloying can solve the above problems and provide 

an effective way to develop new Ag bonding wires of low cost and high reliability [22]. Fan et al [23] 

studied the bond strength and reliability of Ag-Au alloy wires with different Au contents (1wt%, 

3wt%, 5wt%), and found that with the increases of Au content, the size of heat-affected zone (HAZ) 

decreases, the tension and shearing force of the free air ball (FAB) increase, and when the Au content 

is 5wt%, the best FAB morphology can be got. Ag alloy wires with various contents of Pd and Au 

were evaluated by Tsai et al., the experimental results presented that their breaking load increases 

with Au and Pd contents [24]. Cao et al. [25] made a study on the effect of annealing temperature on 

the properties of Ag-8.5Au-3.5Pd alloy wire, and the results revealed that the alloy wire has good 

mechanical properties at 500 ℃. Chuang et al. [26, 27] provided that an innovative Ag-8Au-3Pd alloy 

wire with a high twin density can be produced through appropriate drawing and annealing pro-

cesses, which exhibits high thermal stability during high temperature exposure. 

The above-described studies are mostly performed on the performance of Ag alloy wires with 

Au and Pd elements, in the present study, a new type of Ag alloy wire, named Ag-2.35Au-0.7Pd-

0.2Pt-0.1Cu alloy (AAPPCA) wire, is obtained by further adding Pt and Cu elements to triple Ag-Au-

Pd alloy, whose FAB morphology and bond strength were studied, and then the optimal electrical 

flaming off (EFO) and bonding parameters for the AAPPCA wire were obtained. Hopefully, the re-

sults of this study could serve as the academic and theoretical basis for the use of AAPPCA wire in 

microelectronic packaging. 

 

Figure 1. Experimental equipment and materials. 

2. Materials and Methods 

A KAIJO FB-988 automatic bonding machine made in Japan was employed in this study. The 

packaging type 2835 LED and capillary type SPT SU-50140-425E-ZU36-E were used, and an AAPPCA 

wire with a diameter of 25 µm was also employed here, whose average elongation and tensile 

strength are 11.5% and 259.1 MPa, respectively, as shown in Figure 1. N2 with a flow rate of 0.6L/min 

was used as a shielding gas to prevent the oxidation of the molten AAPPCA wire during EFO process, 

Bonding machine 
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Packaging 

Capillary 
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and the process parameters are shown in Table 1. The morphology of FAB and bonds was observed 

using a scanning electron microscope (SEM) system, and the relationship between FAB diameter and 

EFO time was fitted. The bond strength was measured using a DAGE Series 4000 BS250 system at a 

test speed of 500 µm/s and shear height of 5 µm. 

Table 1. Process parameters for AAPPCA wire 

Free Air Ball Ball Bond Wedge Bond 

Spark Voltage/V 5000 
Impact Force 

Ff/gf 
65 Bonding Force F1/gf 55 

EFO Cur-

rent/mA 
20/25/30 

Bonding Force 

F/gf 

35/45/5

5 

Ultrasonic Power 

P1/mW 
60 

EFO Time/μs 
500/550/600/650/

700/750/800 

Ultrasonic 

Power P/mW 

60/70/8

0 
Bonding Time t1/ms 6 

Tail Length/mm 0.15 
Bonding Time 

t/ms 
8 Bonding Force F2/gf 55/75/95 

Bonding Tem-

perature/℃ 
220   

Ultrasonic Power 

P2/mW 
80/90/100 

    Bonding Time t2/ms 6 

 

 

Figure 2. FAB morphologies of AAPPCA wire for different EFO times at 20 mA: (a) 550 μs, (b) 600 μs, 

(c) 650 μs, (d) 700 μs, (e) 750 μs 

3. Results and Discussions 

3.1. Effects of EFO Current and EFO Time on FAB Morphology of AAPPCA wire 

During the EFO process, inappropriate EFO parameters will result in FAB with imperfect mor-

phology and sphericity, and then obviously cause poor ball bonding contact, which has a bad effect 

on the bonding yield. It is closely related to the solidification process during FAB formation, so opti-

mal EFO parameters should be chosen carefully.  

Figure 2 showed the FAB morphologies of AAPPCA wire for different EFO times at a constant 

EFO current of 20 mA. It could be seen that the wire tip is preheated by the EFO discharge from 550 

μs to 600 μs, as shown in Figures 2a-b. When the EFO time increases from 550 μs to 750 μs, the bond-

ing wire has a small FAB with poor sphericity, since the EFO current of 20 mA generates inadequate 

energy to melt the wire tail, which results in the smaller FAB than a standard one even under the 

effect of surface tension. What is worse, a hollow is found at the bottom of FAB due to a lack of energy 

(d) 

(a) 

(e) 

(b) (c) 
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input via arc discharging, as shown in Figures 2c-e, which is unacceptable in practical applications. 

It indicated that a higher EFO current than 20 mA is needed to form a standard FAB of the AAPPCA 

wire to satisfy the bonding yield. 

Figure 3 showed the FAB morphologies of AAPPCA wire for different EFO times at a 

constant EFO current of 25 Ma. It was found that the FAB diameter at 25 Ma is larger than 

that at 20 Ma, for the reason that higher EFO current of 25 Ma generated enough energy to 

melt the wire tail completely. At 550-650 μs, a regular FAB with smooth surface solidify 

from its neck to its bottom until it achieves the equilibrium position, as shown in Figures 

3a-c. While at 700-750 μs, the off-center FAB can be observed from the AAPPCA wire, as 

shown in Figures 3d-e. A possible reason was that the spark from the EFO electrode reaches 

the wire on the side, which make the wire tail experience lower surface temperature on the 

opposite side, and thus the molten wire will lean to the spark side due to unbalanced sur-

face tension on the two sides. Finally, a golf-clubbed FAB occurs after natural cooling that 

will result in misplacement of bond, weak bond or bond lift, and therefore worsen the bond 

strength and reliability. 

 

 

Figure 3. FAB morphologies of AAPPCA wire for different EFO times at 25 mA: (a) 550 μs, (b) 600 μs, 

(c) 650 μs, (d) 700 μs, (e) 750 μs 

When the EFO current turned to 30 mA, the FAB forms rapidly because of a great 

amount of heat due to the large current, which causes the FAB center to deviate from that 

of the AAPPCA wire. As a result, more golf-clubbed FAB comes out at 550-750 μs, as shown 

in Figure 4. In consequence, the short circuits probably occurs in fine pitch ball bonding, 

which can’t be accepted. 

Considering the occurrence of off-center FAB at the EFO time of 25 mA, 700 μs, ten FAB 

samples forming at 25 mA, 650 μs were chosen to make further morphologies observation 

by SEM system. The results showed that all the ten FAB samples have smooth surface with-

out defects, and presents approximately consistent diameter with perfect sphericity. The 

average diameter of the ten FAB samples was about 45.5 µm, as shown in Figure 5, which 

was 1.82 times that of the AAPPCA wire and in line with production requirement. In con-

clusion, the optimal EFO current and time are 25 mA and 650 μs, respectively. 

 

 

(a) (b) 

(d) (e) 

(c) 
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Figure 4. FAB morphologies of AAPPCA wire for different EFO times at 30 mA: (a) 550 μs, (b) 600 μs, 

(c) 650 μs, (d) 700 μs, (e) 750 μs 

 

Figure 5. FAB diameter of the ten FAB samples forming at 25 mA, 650 μs 

3.2. Relationship between FAB Diameter of AAPPCA wire and EFO Time 

During the dynamic FAB formation process, EFO time is a key factor that dominants the FAB 

diameter at a constant EFO current, which affects the FAB growth rate and model. Generally, in the 

case of large die pad chips, a large FAB is appreciated that can give rise to a larger bond area and a 

higher bond strength. However, in the case of small die pad chips, too large FAB will result in molten 

metal spill and further short circuits [28]. 

(a) (b) (c) 

(d) (e) 
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Figure 6. Relationship between the FAB diameter and EFO time of AAPPCA wire at the EFO current of 25 mA 

The relationship between the FAB diameter and EFO time of AAPPCA wire at the EFO current 

of 25 mA was obtained by experiment, as shown in Figure 6, from which it could be seen that FAB 

diameter increases relatively quickly from 500 μs to 750 μs, while slowly after 750 μs. A cubic equa-

tion representing the relationship between the FAB diameter and EFO time was obtained by fitting 

the experimental data by using least square method. 
7 3 29.33327 10 0.00185 1.16416 276.04126d t t t−= −  + − +  

Where d is the FAB diameter, t is the EFO time. 

Further, the correlation coefficient, r of 0.989 was also obtained by the least square method with 

the confidence interval of 500-800 μs. It means that the above cubic equation can be used by microe-

lectronics industry to determine the EFO time for AAPPCA wire with a diameter of 25 μm. 

3.3. Effects of Ultrasonic Power and Bonding Force on Ball Bond Morphology of AAPPCA wire 

Ultrasonic power and bonding force are key factors affecting bondability in the bonding process. 

The contamination and oxide layer can be broken down by ultrasonic vibration to improve the inter-

facial adhesion between FAB and pad metal. An ultrasound energy can lower the bonding force by 

softening FAB effectively, and then increases the dislocation density, thereby lowering the flow 

stress. The bonding force produces sliding friction at the interface, which leads to some wear and 

then to the bond being formed. 

Figure 7 gave the SEM images of ball bands for various ultrasonic power, ranging from 60 mW 

to 80 mW, at a constant bonding force of 35 gf. The mashed balls in Figures 7a-c had relatively small 

diameters of 54.7 μm, 55.2 μm and 56.4 μm, respectively, due to the small bonding force of 35 gf, 

which would lead to low bond strength. What was worse, off-center ball bonds were also found in 

these cases, as shown in Figure 8, and thus had bad effects on bond quality. 

 

Figure 7. Ball bond morphologies of AAPPCA wire for different ultrasonic power at 35 gf: (a) 60 mW, (b) 70 mW, 

(c) 80 mW 

(a) (b) (c) 
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Figure 8. Off-center ball bond morphologies of AAPPCA wire for different ultrasonic power at 0.35 N: (a) 60 

mW, (b) 70 mW, (c) 80 mW  

Figure 9 presented the ball band morphologies for various ultra-

sonic power, ranging from 60 mW to 80 mW, at a constant bonding 

force of 45 gf. The mashed ball diameters in Figures 9a-c were 57.6 μm, 

59.4 μm and 59.7 μm, respectively, all of which were larger than that in 

Figures 8a-c. It meant that larger bonding force can produce larger con-

tact area between FAB and pad metal and therefore improve bond 

strength effectively. However, oval mashed ball occurred at 80 mW, 

whose diameter only increased by 0.3 μm compared with that at 70 

mW, and it would cause poor bond strength. 

 

Figure 9. Ball bond morphologies of AAPPCA wire for different ultrasonic power at 45 gf: (a) 60 mW, (b) 70 mW, 

(c) 80 mW 

When the bonding force was 55 gf, the ball band morphologies for various ultrasonic power, 

ranging from 60 mW to 80 mW, were shown in Figures 10a-c. It could be seen from Figure 10a that 

Al splash occurs at 60 mW because of the large bonding force of 55 gf, which would increase the risk 

of short circuit or circuit function disorder. Especially for the ball bonds shown in Figures10b-c, who 

formed at bond pad edge, large bonding force might cause cracking of the passivation at bond pad 

edge or might even lead to cracking of the substrate. Hence, the optimal ultrasonic power of 70 mW 

and bonding force of 45 gf were chosen here for the ball bond of AAPPCA wire in order to ensure 

ball bond reliability. 

 

Figure 10.  Ball bond morphologies of AAPPCA wire for different ultrasonic power at 55 gf: (a) 60 mW, (b) 70 

mW, (c) 80 mW 

 

 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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3.4. Effects of Ultrasonic Power and Bonding Force on Wedge Bond Morphology of AAPPCA wire  

The wedge bond, also called stitch bond, is formed by the application of bonding force and ul-

trasonic energy by deformation of the wire between the capillary and the substrate or lead finger. 

Tail formation belongs to the last step in the bonding process as well as a necessary step to continue 

the bonding process. Stable wedge bond formation plays a significant role in stability of the thermo-

sonic wire bonding process. 

Figure 11 showed the wedge band morphologies for various ultrasonic power, ranging from 80 

mW to 100 mW, at a constant bonding force of 55 gf. It could be found that the tail width increases 

with increasing the ultrasonic power. While, in Figure 11a, tail bond detached away from the sub-

strate down to the inadequate ultrasonic power at 55 gf, which represented the bad bond quality and 

maximized production stoppages. No capillary hole imprint (CHI) in Figure 11b and indistinct one 

in Figure 11c were both indicated poor stitch bondability between wire and substrate, and posed risk 

in the long-term reliability. 

 

Figure 11. Wedge bond morphologies of AAPPCA wire for different ultrasonic power at 55 gf: (a) 80 mW, (b) 90 

mW, (c) 100 mW 

 

Figure 12. Wedge bond morphologies of AAPPCA wire for different ultrasonic power at 75 gf: (a) 80 mW, (b) 90 

mW, (c) 100 mW 

Figure 12 showed the wedge band morphologies for various ultrasonic power, ranging from 80 

mW to 100 mW, at a constant bonding force of 75 gf. Compared with Figure 12a, Figure 13b exhibited 

more than half of CHI circle circumference and more symmetrical tail shape, which indicated that 

the wedge bond in Figure 12b has a higher bond strength than that in Figure 12a. While, Figure 12c 

showed complete CHI and asymmetric tail, which the wedge bond increased the risk of substrate 

damage and bond failure. 

Figure 13 exhibited the wedge band morphologies for various ultrasonic power, ranging from 

80 mW to 100 mW, at a constant bonding force of 95 gf. In such case, complete CHI could be found 

due to the large bonding force, who became more and more obvious with increasing ultrasonic 

power. What was worse, more asymmetric tails occurred in such case, as shown in Figures 13b-c, and 

the tail width at 95 gf was larger than those at 55 gf and 75 gf, since larger bonding force at the wedge 

could squeeze enough material at the heel of the bond resulting in a bond failure easily, which should 

not be accepted. So, the optimal ultrasonic power of 90 mW and bonding force of 75 gf were chosen 

here for the wedge bond of AAPPCA wire in order to ensure wedge bond quality. 

(a) (b) (c) 

(a) (b) (c) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 June 2023                   doi:10.20944/preprints202306.1215.v1

https://doi.org/10.20944/preprints202306.1215.v1


 

 

Figure 13. Wedge bond morphologies of AAPPCA wire for different ultrasonic power at 95 gf: (a) 80 mW, (b) 90 

mW, (c) 100 mW 

3.5. Bond Strength Test of AAPPCA wire 

Destructive pull test is the most widely used technique to evaluate the bond strength by hooking 

and pulling the bonded wire until it fails, and the major failure modes that one observes during a 

bond pull test are, ball bond lift (Location A), ball neck break (Location B), midspan wire break (Lo-

cation C), heel break (Location D) and wedge bond lift (Location E), as is shown in Figure 14. The test 

results are important evidences for certifying the proper setup of the process parameters and evalu-

ating bonding quality and reliability. Wire break at B, C or D is the preferred break during the pull 

strength test, which indicates a strong bond between the wire and the metallization. 

 

Figure 14. Pull test failure modes. 

Here, twenty bonded wire samples, obtained at optimal process parameters (25 mA and 650 μs 

for FAB, 70 mW and 45 gf for ball bond, 90 mW and 75 gf for wedge bond), were chosen randomly 

to carry on the destructive pull test, and the test results were shown in Table 2, it was obvious that 

all the bonded wire samples break at B, C or D, no failure happened at A and D. Moreover, it could 

be clearly seen from Figure 15 that ball neck break is the predominant failure mode for bond wire 

samples, a possible reason was that there existed highest stress concentration at B, which would easily 

induce ball neck cracking failure. The pull force ranged from 9.6 gf to 13.4 gf, as shown in Figure 16, 

and the minimum value of pull force is larger than standard one [29], which meant that all bonded 

wire samples have high bond strength. 

 

 

 

 

 

 

 

 

(a) (b) (c) 
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B 

C 

D 
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Table 2. Destructive pull and ball shear tests results of bonded wire samples 

Sam-

ples 

Destructive Pull Test 
Ball Shear 

Test 

Break Location Pull Force/gf 
Shear 

Force/gf 

1 B 12.5 40.6 

2 D 10.2 42.5 

3 C 12.7 39.6 

4 B 9.7 38.4 

5 B 11.5 34.1 

6 D 13.4 41.6 

7 B 12.1 45.7 

8 C 11.4 38.9 

9 B 10.6 33.2 

10 B 9.8 42.6 

11 B 12.8 43.8 

12 C 11.6 39.4 

13 D 11.9 41.8 

14 B 12.6 42.8 

15 B 9.6 49.7 

16 B 11.8 33.6 

17 C 12.7 40.8 

18 B 12.4 38.6 

19 B 11.7 45.7 

20 B 11.2 44.6 

 

 

Figure 15. Percentage diagram of break locations after destructive pull test. 
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Figure 16. Oneway analyses of pull and shear forces. 

The destructive pull test is suitable for most applications, however it provides very little infor-

mation on the ball bond strength and quality, thus it fails in determining the true ball bond strength. 

This factor has led to the development of ball shear test, and it is performed using a shear tool to push 

off ball bond with a sufficient force, as shown in Figure 17, whose results can reflect the intermetallic 

formation and its coverage of ball bonds. The shear force results of the twenty bonded wire samples 

were shown in Table 2, who ranged from 33.2 gf to 45.7 gf, as shown in Figure 16, and the minimum 

value of shear force is also larger than standard one [29]. Figure 18 presented a typical SEM image of 

ball band after sheared, full intermetallic compound (IMC) coverage with regular morphology was 

found on the bond pad, which enhanced the adhesion of bond to pad. The above pull and shear test 

results showed that the bonded wire samples have enough bond strength, and hence improve the 

reliability of microelectronic products. 

 

Figure 17. Ball shear test. 
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Figure 18. Typical ball bond morphology after ball shear test. 

4. Conclusions  

In our study, we have drawn the following conclusions pertaining to the effects of different pro-

cess parameters on bond properties of AAPPCA Wire: 

(1) As the EFO time increases from 550 μs to 750 μs, the FAB of AAPPCA Wire grows from a 

preheated tip to a small ball with a hollow at its bottom at 20 mA, while it changes from a small ball 

to a regular ball and finally to a golf ball at 25 mA. When the EFO current is 30 mA, all the FABs 

exhibit golf balls. The EFO current and time for a regular and smooth FAB are 25 mA and 650 μs, 

respectively. 

(2) For the AAPPCA Wire, at a constant EFO current of 25 mA, the relationship between the FAB 

diameter and EFO time can be expressed by a cubic equation obtained through fitting the experi-

mental data by using least square method. 

(3) For ball bond, the mashed ball diameter of AAPPCA Wire increases with increasing either 

the ultrasonic power or the bonding force. For wedge bond, with the increase of ultrasonic power or 

bonding force, the CHI becomes more and more obvious, and the tail width increases larger and 

larger. The optimal ultrasonic power and bonding force are 70 mW and of 45 gf for ball bond and 90 

mW and 75 gf for wedge bond, respectively. 

(4) The destructive pull test results show that all the bonded wire samples obtained at optimal 

process parameters break at B, C or D, and full IMC coverage with regular morphology occurs on the 

bond pad after ball shear test. So, all the bonded wire samples have enough bond strength, which is 

beneficial to the reliability of microelectronic products. 
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