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Abstract 

Silver wires have become a novel bonding material in 
recent years. But users & field engineers are still divided over 
the issue of reliability performance including failure 
mechanism and intermetallic compounds (IMCs) formation. In 
this study, new type of high purity silver wire with 96Ag-3Pd-
1Au alloy (96% Ag) is introduced, and the bonding properties 
on Al bond pad are evaluated through bondability & reliability 
test. Reliability tests for wire characterization are high-
temperature-storage lifetime test (HTST) and unbiased highly-
accelerated stress test (uHAST) with temperature and 
humidity. Two types of mold compounds are used which have 
different Cl- ion content. Below 10 ppm of Cl- ion for the 
green compound and 27 ppm for the normal one. Bondability, 
IMC formation(Ag2Al, Ag3Al) & growth rate are measured 
for both HTST150’C & 175’C for 2000h and the possible 
failure mechanism is defined based on the micro-structural 
characterization from uHAST in which the repetitive 
oxidation and reduction reactions occur due to the galvanic 
reaction and the Cl- ions with sufficient moisture and thermal 
energy, and the reduction reaction of Ag-Al IMCs and Al pad 
causes to form the micro-crack failure. 

 

Introduction 
Wire bonding is the most common and traditional 

interconnection method for IC packages [1-3]. Although gold 
wire has many advantages in terms of its workability and 
stable chemical properties, identifying a low cost bonding 
material to reduce packaging costs is currently a pressing issue 
and highlighted activity [4]. In this aspect, from the 
perspective of its better workability, lower risk of bond pad 
metal cracking, and similar electrical conductivity and 
properties to gold wire, silver wire has attracted higher 
attention of late as a lower cost solution than Cu wire [5-10]. 
And also, technologies of Pd coating and the doping on Ag 
bonding wire have been introduced, which improve the 
efficiency of the fabrication process and the Ag-Al bond 
reliability [5, 6].  

In the initial development stage of Ag-rich wire, 88% 
(88Ag-8Au-3Pd) Ag bonding wire had been introduced which 
could improve the properties of the Ag-Al bond reliability [7-
10]. Regarding the phases of the Ag-Al IMCs, Ag5Al, Ag3Al, 
Ag2Al, AgAl and AgAl3 have been reported to have been 
formed, including the phases via first-principles methods [12-
16]. Previously, Guo et al. [17] have reported that AuAl2,  

 
 

Item Description 
PKG Dimension 19x19 mm, 369LD 

Substrate thickness 0.36T 
Die size 7.0x6.0 mm 

Wire diameter 0.7mils (17.8um), 96% Ag 
BPO/BPP 43um / 50um 

Mold cap thickness 0.3T 
 

Figure 1. Test package structure 
 

(Au,Ag)4Al, and Ag2Al are formed in the Au-Ag alloy-Al 
bond. Kai et al. [18] and Cheng et al. [19] have proposed that 
Ag4Al, Ag3Al and Ag2Al are formed at the bonding interface 
in the Ag-Au-Pd alloy-Al bond.  

However, the considerable amount of Au addition in the 
Ag bonding wire may still increase the resistivity and hardness 
as well as wire cost. Therefore, silver wire market needs 
advanced type of Ag wire more similar to Au wire properties 
in terms of wire softness for die to die bonding and a low 
resistivity for IC / memory device of high power / frequency 
technology trend. It becomes a promotion of the advent of 
high silver content wire. The 96% Ag wire (96Ag-1Au-3Pd) 
has been introduced & confirmed to have good properties akin 
to 2N gold wire and cost reduction effect as well due to high 
silver and low gold alloy design. Further evaluation of 96% 
Ag wire is needed for bondability & reliability. Hence, the 
present study is carried out to investigate IMC formation and 
growth between 96% Ag wire and Al pad metallization under 
thermal reliability conditions and to define the failure 
mechanisms through the micro-structural characterization. 

 

Experimental 
The device has 1.3μm-thick Al pads for this experiment. 

The package structure is as shown in Figure 1. 
0.7mil (17.8μm), 96% Ag bonding wires (AgULTRA, 

Heraeus Oriental HiTec) were bonded on the thin Al pads and 
molded using Green and Normal EMCs. The concentration of 
Cl- ion was below 10 ppm for the Green and was 27 ppm for 
the Normal EMCs. For the Ag-Al bonding process, an 
automated bonding machine equipped with a capillary was 
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utilized. The process was conducted to determine the optimum 
bonding parameters. In the long term reliability test, HTST 
was carried out at 150°C and 175°C for 0 to 2,000 h. All the 
specimens were protected from the oxidizing atmosphere by 
N2 gas in oven chambers at 175°C during HTST. And uHAST 
was also carried out at 130°C for 0 and 192 h in 85%RH using 
the uHAST chamber.  

To determine the bondability between the Al pad and the 
Ag wire, a bond pull test (BPT) and ball shear test (BST) were 
conducted using a testing machine. And, to evaluate the 
morphological change and the growth rate of the Ag-Al IMCs 
during the reliability test, the evolution of IMCs at the 
bonding interface was observed using optical microscopy 
(OM) and scanning electron microscopy (SEM).  

The specimen was mechanically polished and then ion-
polished for fine polishing. To identify the phases in the Ag-
Al IMCs and the failure mechanism, SEM analysis was 
conducted with energy-dispersive X-ray spectroscopy (EDS) 
and particularly by transmission electron microscopy (TEM). 

 

Results 
1. Bondability of Ag-Al bond during HTST 
The bond pull strength and the ball shear strength during 

the HTSTs at 150°C and 175°C are shown in Figure 2 that 
data of 150°C is higher than that of 175°C because of different 
IMC growth rate. It means IMC growth rate is higher at 175°C 
than at 150°C and there is close relationship between 
Reliability performance and IMC growth rate. Therefore, 
thermal aging properties at 150°C during HTSTs showed 
much greater stability than those at 175°C.  

Also the ball lifts and low test values during BPT and BST 
occurred after 1,000 h at 150 °C and after 240 h at 175 °C and 
they could have  different appearance in case of molded units, 
while gold wire had stable values of BPT and BST until 1000 
h at both 150°C and 175°C. Impurities of PCB and moisture in 
atmosphere might cause the degradation of Ag-Al bonds. 
 

 
(a) BPT                                     (b) BST 

Figure 2. Bondability graph during HTST 
 

2. IMC structure comparison between Au-Al and Ag-
Al bond  

The sequence of intermetallic phase transformation per 
aging time under HTST 175°C for both Au-Al and Ag-Al 
bonds is shown in Figure 3. These are from cross-section of 
the molded units per aging time.  

After HTST at 175 °C for 48 h, the IMC was grown the 
Ag bonding wire and Al pad by the atomic inter-diffusion of 
Ag and Al atoms. 

   
(a) Au-Al bond                         (b) Ag-Al bond 

Figure 3. IMC growth during HTSTs (175°C) aging time 
 
After HTST at 175°C for 240 h, Ag3Al was detected 

between Ag2Al and Ag. A continuous and thin alumina layer, 
which should generally be split during the bonding process, 
was found to remain at the bonding interface. After HTST at 
175°C for 2,000 h, Ag3Al and Ag2Al were considerably grown 
and the Al pad was also entirely consumed; a large-crack was 
observed. And, no clustering of alloying Au and Pd elements 
was observed; these alloying elements were considered to be 
uniformly distributed even after the HTSTs. It was therefore 
suggested that the elemental addition of Au and Pd might 
increase the resistance to oxidation and sulfuration of Ag 
bonding wire [10]. In the case of Au-Al bond, micro-cracks 
and kirkendall voids were observed. The IMCs were grown on 
the Al pad, then the Au8Al3 was transformed to Au4Al. These 
phases changed as a function of temperature and time. It is 
indicated in Figure 4. 

 

 
Weight% Au Al Pd Remark 

1 99.40 - 0.60 Au wire 
2 92.18 4.83 2.99 Au8Al3 
3 93.48 4.79 1.73 Au8Al3 
4 92.75 4.47 2.78 Au8Al3 
5 94.73 4.73 0.55 Au8Al3 
6 94.99 5.01 - Au8Al3 

Figure 4. IMC phase of  Au-Al bond at HTST 1,500h 
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On the other hand, Figure 5 shows FE-SEM images of the 
interface of the Ag-Al bonds. The Ag3Al IMC region is 
represented by point #2 and Ag2Al IMC is indicated by point 
#3 to 6.  

 

 
Weight% Ag Al Pd Au Remark 

1 95.74 - 4.15 0.11 Ag wire 
2 87.62 6.84 4.19 1.36 Ag3Al 
3 87.03 9.92 3.05 - Ag2Al 
4 87.7418 11.67 0.55 - Ag2Al 
5 90.41 9.59 - - Ag3Al 
6 88.00 10.21 - 1.79 Ag2Al 

Figure 5. IMC phases of  Ag-Al bond at HTST 1,500h 
 
3. Comparison of IMC growth rate using 2 types of 

mold compound in the Ag-Al bond 
Figure 6 is shown the sequential cross-sectional OM and 

SEM images of the interface at molded Ag-Al bonds after 
HTSTs at 150°C and 175°C for 0 to 2,000 hours with the 
Green and Normal EMCs. No morphological differences in 
the IMCs growth with Green and Normal EMCs are noted in 
this figure. The effect of temperature on the thickness of IMCs 
was clearly observed, such that the thickness of IMCs became 
much greater as the temperature increased. 

  
- HTST at 150°C -  

 
                 (a) Green EMC                     (b) Normal EMC 

 
- HTST at 175°C - 

 
                (c) Green EMC                     (d) Normal EMC 
 

Figure 6. Sequential cross-sectional images for 0 to 2,000 
hours in HTSTs at 150°C and 175°C 

 
 

 
(a) HTSTs at 150°C 

 

 
(b) HTSTs at 175°C 

 
Figure 7. Growth of IMC thickness as a function of aging 

time in Green and Normal EMCs molded Ag-Al bonds. 
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Figure 7 shows the measured thicknesses values for the 
Ag-Al bonds in Green and Normal EMCs during HTST at 
150°C and 175°C. These figures suggest that the growth rate, 
D (cm2/s), follows the equations shown below [11]: 

 
 

 

 

 
where T is the aging temperature (K), x is the IMC 

thickness (um), t is the aging time (s), R is gas constant, Q 
represents activation energy for IMC formation (kcal/mol). 
The growth rate constants (D) for each condition were 
calculated from Figure 7 and are summarized in Table 1.  

 
Table 1. Growth rate constants of IMC, in Green and 

Normal EMC molded Ag-Al bonds during HTST at 150 and 
175 °C. 

EMC type Temp. (°C) D (cm2/s) 

Green 
150°C 4.46 x 10-15 
175°C 2.05 x 10-14 

Normal 
150°C 3.54 x 10-15 
175°C 1.25 x 10-14 

 
 
4. Failure mechanism in Ag-Al bond during uHAST 
Figure 8 shows the cross-sectional FE-SEM image of 

molded Ag-Al bond after uHAST 192 hours with Green EMC. 
The unit was not failed at the electrical test but the critical 
micro-cracks and voids were observed, which were gradually 
evolved in the IMC layers of both Ag2Al and Ag3Al with the 
uHAST aging time.  
 

 
Weight% Ag Al Pd Au O Remark 

1 95.08 - 3.14 0.36 1.42 Ag wire 
2 56.84 21.68 2.39 1.26 17.84 Ag2Al 
3 67.47 21.46 2.09 0.64 8.34 Ag2Al 
4 73.79 13.69 2.07 0.41 10.03 Ag3Al 
5 59.82 26.13 0.40 - 13.65 Ag2Al 
6 29.20 54.65 0.29 1.92 13.95 Al pad 
Figure 8. IMC phase of  Ag-Al bond at uHAST 192h 

Figure 9 showed the concentration of Cl- ions at the joint 
region of the wire, pad and EMC in a non-functional bond 
failing during  uHAST for 192 h. The EDS elemental maps 
suggest that Al(OH)2Cl tended to form on the Al pad as a 
result of corrosion [20, 21]. 

The Cl- ions were therefore able to initiate the corrosion 
and accelerate the repetitive reduction and oxidation reaction 
which is strongly related to the failure mechanism in the Ag-
Al wire bond. 
 

 
Weight% Ag Al Pd Au O Cl 

1 72.72 8.81 3.92 1.23 12.49 0.82 
2 53.28 14.47 2.24 3.91 25.32 0.78 
3 43.04 29.40 0.00 0.00 20.61 6.95 
4 28.93 36.25 1.31 7.27 23.70 2.53 
5 43.53 20.10 1.57 4.99 26.03 3.79 
6 38.92 12.87 0.04 8.46 38.42 1.29 
7 33.98 6.06 1.62 13.31 44.11 0.92 
8 38.12 11.56 0.00 11.54 38.09 0.70 

Figure 9. EDS elemental maps at the joint region of the wire, 
pad and EMC 
 
 

As shown in Figures 10, TEM analysis confirmed the 
micro-crack between Ag bonded ball and IMC layers. It could 
become a crack initiation point even though it was not from 
electrically failed unit, that is, the unit could be failed if 
further uHAST aging time went by. The dissolution of IMCs 
and the formation of Ag and Al2O3 due to moisture and 
thermal energy during uHAST could also make H2 gas, which 
could cause a crack when out-gassing. The moisture control is 
therefore extremely important for better bonding reliability in 
the Ag-Al bond. 
 

 
 

Figure 10. TEM image at uHAST 192 hours 
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Conclusions 
We studied intermetallic compound growth and failure 

mechanisms to determine long term reliability of 96% silver 
wire bonding. To determine the IMC microstructure and 
failure mechanism in silver wire bonding, we analyzed the 
problems and found the major defect points. Summarized 
consideration and recommendations to discover the silver wire 
bonding mechanism are given below.  

i) Thermal aging properties at 150°C during HTSTs 
showed much greater stability than those at 175°C. And more 
stable IMC growth was shown at Ag-Al bonds than Au-Al 
bonds. 

ii) Influences of the mold effect on the growth rate and 
morphologies of the Ag/Al IMC were marginal. The type of 
EMC did not affect the evolution of IMCs. The IMC growth 
rate is about 4.46 x 10-15 at 150°C and 2.05 x 10-14 at 175°C. 

iii) In HTST, micro-cracks were practically observed in 
the IMC after HTST, but other defects were not shown. 

iv) The failure mechanism can be inferred under uHAST 
condition from this study. Cl- ion and moisture may cause 
oxidation and corrosion and finally form Al2O3 of insulating 
layer, H2 gas for crack and HCl for repetitive and accelerated 
reactions.  

(Ag2Al or Ag3Al) + H2O � Al2O3 + Ag + H2 
(Ag2Al or Ag3Al) + Cl- + H2O � Al2O3 + Ag + HCl 
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