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Abstract:  

The current load and its influence on degradation of Al-1%Si wires bonded onto copper pads is presented in this 

paper. The current load was chosen to occur the electromigration phenomenon during ageing. Our attention was 

paid to the direction of current from Cu pad to Al wire, and as well as reversed from Al wire to Cu pad. The 

dependencies of electrical resistance (ΔR/R0) relative change vs time as well as dependencies of mechanical 

strength vs time for different types of current stresses (direct current IDC and pulse current IPULSE) were obtained 

and evaluated. The results were evaluated in relation to all above mentioned conditions moreover thermal ageing 

at 100°C/1000 h was applied and evaluated too. 

 

INTRODUCTION 

Wire bonding is one of the most used method for 

first-level interconnection in low power 

microelectronic packaging as well as in power 

electronic. The alloys of Al and Au are the most 

commonly used materials for bonding wires. 

Currently, it is possible to notice rapid growth in 

using of Cu bonding, due to higher tensile strength, 

better elongation, electrical and thermal 

conductivities comparing to Au wires. The Cu wire 

bonding is cheaper in comparison to Au wire 

bonding. The electromigration is one of the 

phenomenon that occurs at high current densities and 

contributes to the degradation of bonded joints. The 

electromigration occurs at current density around 

104 A.cm-2 and more. High current density also 

supports the growth of intermetallic compounds 

(IMCs) due to localized Joule heating [1], [2], [3], 

[9]. 

Al/Cu interface is common in power electronic (Al 

wires bonded on DBC substrate) as well as in low 

power electronic (Al wire bonding, or modern Cu 

wire bonding process) and typical feature of this 

interface is creation and growth of IMC layer at 

Al/Cu. The phase diagram of Al/Cu interface pointing 

out on 5 phases: γ2 phase (Cu9Al4), δ phase (Cu3Al2), 

ζ2 phase (Cu4Al3), η2 phase (CuAl) and ϴ phase 

(CuAl2). Study of degradation of wire bonds and 

growth of IMC is realized by thermal ageing (with or 

without humidity) [4], [5], [6], [7], [8]. The effect of 

current density and electromigration in electronic 

devices are important in terms of reliability and 

durability of electronic components too [9], [10], 

[11].  

The influence of electrical current on IMC growth at 

Al/Cu interface was studied in previous research on 

bimetallic samples [12]. The electromigration 

phenomenon of wire bonds on different systems are 

very actual because of miniaturization. The same 

electrical current in modern circuits but with finer 

wires and finer bond pad pitch is applied [13], [14]. 

That is why deep analyze of this problem is needed. 

This paper is oriented to analyze of ageing wire 

bonds due to the electromigration of Al-1%Si wires 

bonded onto copper pads. 

EXPERIMENTAL SETUP AND 

RESULTS 

Samples preparation and experimental 

arrangement 

The standard Al-1%Si wire with 25 µm in diameter 

bonded onto copper surface of standard PCB 

substrates was used for all experiments. The quality 

of wire bonds for samples were evaluated by visual 

inspection (MIL-STD 883 method 2017.7) as well as 

by wire bonder equipment set up according results 

from pull tests so the high strength with lowest 

variance was acquired. The minimum bond pull limit 

according MIL-STD-883 2011.9 was acquired for all 

bonds.  

The sample layout is showed in Fig. 1. The stitch 

bond was bonded onto A, B and C pads (see Fig. 1b) 

by K&S wedge bonder 4129. The topology of sample 

was chosen so that only one part (the segment 

between A and B pads) of stitch bond was under 

current stress. The second segment of stitch bond 

(between B and C pads) was used for pull tests. The 

pull tests was realized by DAGE-4000 pull/shear 

bondtester. The resistance was measured by 4-wire 

method, the current part of circuit is between pads 

No. 1 and No. 2 and the voltage part of circuit was 

between pads No. 3 and No. 4 (Fig. 1b). The segment 

of stitch bonds between B and C pads was used as 

“leadwire” in voltage circuit, and stitch bonds 

between A and B pads was used as “leadwire” in 

current circuit. The electrical resistance of small piece 

of stitch bond which was bonded on B pad was 

measured in this configuration. One sample (Fig. 1a) 

consists of 15 wire bonds connected in serial circuit. 

 



 
   

 

 

 
Fig. 1: Sample layout (a) and stitch wire bond stressed by 

electrical current (b) 

 

Wire bonds were exposed to current stress (direct 

current IDC and pulse current IPULSE) at room 

temperature and to thermal ageing at 100°C with no 

current from 0 hour to 750 hours. The contact 

resistance of bonds and bond strength by destructive 

pull test were measured during tests. Degradation of 

Al-1%Si wires bonded onto copper pads is relating to 

both changes: in contact resistance as well as in bond 

strength. Experiment was realized in such way that 

 

 
Fig. 2: Shape of direct current (IDC) and pulse current (IPULSE) 

until (a) and after (b) first 100 hours 

 

the current flows through Al/Cu interface from Cu 

pad into Al wire (this current flow is showed in Fig. 

1b) as well as reversed (from Al wire into Cu pad) 

during ageing. This should ensure failure kinetics as a 

function of polarity of current flow and helps to 

identify the failure caused by electromigration 

mechanism. 

The direct current IDC was chosen so that the current 

density overcome 104 A.cm-2 in order to ensure 

sufficient current density for electromigration. The 

root mean square (RMS) of pulse current IPULSE has 

been chosen to match with direct current IDC level. 

This ensure equal Joule heating for both, direct 

current IDC stress as well as pulse current IPULSE stress 

and the peak of pulse current IPULSE helps increase the 

current density in short time (Fig. 2a). The current 

peak for IPULSE reduced (Fig. 2b) after 100 hours of 

ageing due to excessive failures of wire ponds in case 

of pulse current. Differences between measured 

resistances and bond strengths for direct current IDC 

and pulse current IPULSE under these conditions can 

indicate on electromigration phenomenon.  

Overview of realized test experiments including the 

number of tested samples for appropriate stress 

method are in the Tab. 1. The electrical resistivity of 

wire bonds were measured after 0, 20, 40, 60, 80, 

100, 350, 500 and 750 hours of ageing, and relative 

resistance change (ΔR/R0). Because the measurement 

of resistivity is nondestructive method, the number of 

samples was only 2 (one samples consists 15 bonds) 

for each type of stress. The destructive pull test was 

used for measuring of bond strength, so in this case 

the number of samples was 60 for each type of stress. 

The maximum load during pull test was measured 

after 0, 40, 80, 200, 500 and 750 hours of ageing, 2 

samples (2 x 15 bonds) per stress method for each 

time. The relative change in maximum load during 

pull test (ΔF/F0) was evaluated in final. 

 
Tab. 1: Overview of realized test experiments including the 

number of tested samples 

Stress method /evaluated 

quantity 

Number of 

bonds 

(ΔR/R0) 

Number 

of bonds 

(ΔF/F0) 

IDC: AlCu 30 180 

IDC: CuAl 30 180 

IPULSE: AlCu 30 180 

IPULSE: CuAl 30 180 

Thermal ageing*  30 180 
* 100°C from 0 to 750 hrs / no current 

Experimental results and discussion 

The dependencies of relative change in contact 

resistance (ΔR/R0) vs time for different current 

stresses (direct current IDC and pulse current IPULSE) 

are shown in Fig. 3. We can observe expected 

dependencies for different polarity of current flow 

(CuAl vs AlCu) as well as for type of current 

flow (IDC vs. IPULSE). In the case of IDC, the difference 

in ΔR/R0 for current flow from Al wire to Cu pad and 

current flow from Cu pad to Al wire was about 17.5% 

after 750 hours. In case of IPULSE, the difference is 



 
   

 

 

about 12.0% after 750 hours. We can assume that 

higher growth of ΔR/R0 for AlCu compared with 

CuAl for both IDC and IPULSE is influenced mainly 

by electromigration on Cu/Al interface. The growth 

of resistivity in all cases indicate the degradation of 

bonds, and it is more rapid in case of current flow 

from Al wire to Cu pad. 

 

 
Fig. 3: Relative change in resistance (ΔR/R0) vs time for 

different stresses (direct current: IDC CuAl, IDC AlCu, 

pulse current: IPULSE CuAl, IPULSE AlCu and thermal 
ageing) 

 

The mechanical stress caused by Joule heating of 

wire bond during peak and its cooling during low 

current load have to take into account in the case of 

pulse current stress. We can observe the visible 

degradation of wire bond (Fig. 4) by thermal 

expansion during heating and thermal contraction 

during cooling what caused failure of bond in loop. 

Visible moving of wire was observed in current pulse 

load.  

 

 
Fig. 4: Degradation of wire bond and failure of wire in loop 

after stress by pulse current 

 

The similar process of expansion and contraction 

occurs on interface between Cu pads and Al wire. 

Higher growth of ΔR/R0 for pulse current IPULSE 

compared with direct current IDC is therefore caused 

not only by electromigration but also by 

thermal/mechanical stress on bond interface between 

two materials (Cu pads and Al wire) with different 

coefficient of thermal expansion. The total number of 

failure was 51 (28 bonds for AlCu and 23 bonds 

for CuAl) for bonds stressed by pulse current vs 

zero for bonds stressed by direct current during the 

first 100 hours of ageing. The level of current peak in 

case of pulse current was reduced for this reason (Fig. 

2b). Only 3 failure of bonds was observed after this 

reduction from 100 hours to 750 hours of ageing in 

case of IPULSE. The higher growth of ΔR/R0 for 

AlCu compared with CuAl for both IDC and 

IPULSE was still observed despite the lower pulse 

current peak.  

The second evaluation method of wire bond was 

realized by pull test of wire bonds. The relative 

change in maximum load during pull test (ΔF/F0) vs 

time for different stresses are showed in Fig.5. The 

change in ΔF/F0 did not prove the visible 

dependencies neither on the electrical current flow 

nor on electrical current type (direct current IDC and 

pulse current IPULSE) and it is similar to thermal 

ageing at 100°C. This ambiguous dependence on the 

type of stress may be caused by error of pull tests. 

The result of pull test is dependent on hook 

placement under loop of measured bond and it is not 

always the same. This can cause unequal 

measurement conditions and “blur” the differences 

for different stress which would be otherwise visible. 

In addition, the pull tests were performed always on 

another new group of samples due to destructive 

character of test compared to resistivity measurement. 

The resistivity was measured on one group of 

samples (3 samples) for each kind of stress, but 

always on same group in different time. However, it 

can be concluded that the decreasing of bond strength 

for all type of stress (Fig. 5) is the most significant 

especially in the first 100 hours. 

 

 
Fig. 5: Relative change in maximum load during pull test 

(ΔF/F0) vs time for different stresses (direct current: IDC 

CuAl, IDC AlCu, pulse current: IPULSE CuAl, IPULSE 
AlCu and thermal ageing) 

 

Degradation of Al-1%Si wires bonded onto copper 

pads is relating to change of contact resistance and 

bond strength. The comparison of both dependencies 

(Fig. 3 and Fig. 5) shows, that the degradation is 

more rapid after 40 hours of ageing. The dependence 

on direction of electrical current flow (AlCu vs 

CuAl) is significant after 100 hours of ageing and it 

is clearly identified only by resistivity measuring 

(Fig. 3). The growth in electrical resistance is caused 

by changes on interface and by growth of IMC. The 

main problem is thermal heating and cooling during 

cycling in the case of pulse current with high peak 

current density. This cycling cause also visible 

mechanical degradation. The high peak current 



 
   

 

 

density was chosen to clearly exceed the activation 

energy of electromigration. This phenomenon is not 

so significant in case of low power electronic with 

lower current densities.  

CONCLUSIONS 

The degradation of wire bonds under thermal and 

electrical stress was evaluated according measuring 

of relative change in electrical resistance on time and 

in maximum load during pull test on time. The high 

current density used in experiments was selected for 

exceed the activation energy of electromigration. The 

high current density brings additional problem with 

cyclic heating and cooling of wires and its thermal 

expansion/contraction in case of pulse current. This 

leads to failure and breaking wire in loop. 

Nevertheless, the results of experiments point on 

degradation dependence on current flow direction 

through Cu/Al interface and it is directionally 

depended. Directional dependency can be caused by 

electromigration phenomena and it is more rapid in 

case of current flow from Al-1%Si wire into Cu pad. 

The pulsed current stress lead to faster degradation of 

wire bonds. 

It was proved in our experiments that for evaluation 

of the degradation level of Al-1%Si wires bonded 

onto copper pads that the growth of resistivity is more 

rapid in case of current flow from Al wire to Cu pad. 

ACKNOWLEDGMENTS 

This work was supported by the Slovak Research and 

Development Agency under the contracts APVV-14-

0085: “Development of New Generation Joints of 

Power Electronics Using Nonstandard Sn-Based 

Alloys” and KEGA 021TUKE-4/2017: “Promotion of 

modern teaching methods at the Laboratory of 

automotive electronics”. 

REFERENCES 

[1] P. S. Chauhan, A. Choubey, Z. Zhong, M. G. 

Pecht, Copper Wire Bonding, New York: 

Springer Science+Business Media, 2014.  

[2] K.N. Tu, “Recent advances on electromigration 

in very-large-scale-integration of interconnects,” 

Journal of Applied Physics, vol. 94, Issue 9, pp. 

5451-5473, July 2003. 

[3] Failure Mechanism of Semiconductor Devices 

[online]. Panasonic, 66 pp., 2009.: 

<https://industrial.panasonic.com/ >. 

[4] K. Hyoung-Joon, et all., “Effect of Cu/Al 

Intermetallic Compound (IMC) on Copper Wire 

and Aluminum Pad Bondability, ” Components 

and Packaging Technologies, IEEE Transactions 

on, Vol. 26, Issue 2, pp. 367 – 374, IEEE 2003. 

[5] I. Galvao, J. C. Oliveira, A. Loureiro, D. M. 

Rodrigues, “Formation and distribution of brittle 

structures in friction stir welding of aluminium 

and copper: influence of process parameters,” 

Science and Technology of Welding and 

Joining, Vol. 16, pp. 681-689, 2011. 

[6] I.-T. Bae, D.J. Jung, W.T. Chen, S. Chen, J.  

Chang, “Comprehensive transmission electron 

microscopy study on Cu–Al intermetallic 

compound formation at wire bond interface,” 

Journal of Materials Research, Vol. 29, Issue 23, 

2014. 

[7] N. B. Jaafar, E. W. L. Ching, “Comparison of 

Au/Al, Cu/Al and Ag/Al in Wirebonding 

Assembly and IMC Growth Behavior,” In: 18th 

Electronics Packaging Technology Conference 

(EPTC), pp. 2016. 

[8] E. Arjmand, P. A. Agyakwa, M. R. Corfield, J. 

Li, B. Mouawad, C. M. Johnson, “A thermal 

cycling reliability study of ultrasonically bonded 

copper wires,” Microelectronics Reliability, Vol. 

59, pp. 126-133, April 2016. 

[9] Ch.-U. Kim (ed.), Electromigration in thin films 

and electronic devices, Woodhead Publishing 

Limited, 2011. 

[10] Ch. M. Tan, F. He, Electromigration Modeling 

at Circuit Layout Level, Springer, 2013. 

[11] P. Cabuk, J. Durisin, “Influence of high current 

density on microstructure and resistance of 

solder joints,” In: Electrical Engineering and 

Informatics 8: proceedings of the Faculty of 

Electrical Engineering and Informatics of the 

Technical University of Kosice, FEI TU, pp. 

512-515, 2017. 

[12] M. Braunovic, N. Alexandrov, “Intermetallic 

compounds at aluminum-to-copper electrical 

interfaces: effect of temperature and electric 

current,” IEEE Transactions on Components, 

Packaging, and Manufacturing Technology: Part 

A, Vol. 17, Issue 1, pp. 78-85, Mar 1994. 

[13] M. Hook, D. Xu, M. Mayer, “Electromigration 

testing of wire bonds,” In: 27th Canadian 

Conference on Electrical and Computer 

Engineering (CCECE) 2014, Toronto, Canada. 

pp. 1-6, 2014. 

[14] E. Zin, N. Michael, S. H. Kang, K.H. Oh, U. 

Chul, J. S. Cho, J. T. Moon, C.-U. Kim, 

“Mechanism of Electromigration in Au/Al 

Wirebond and its Effects,” In: 59th Electronic 

Components and Technology Conference 2009, 

pp. 943-947, 2009. 

[15] A. Pietrikova, J. Durisin, “Microstructure of 

solder joints and isothermal aging,” Acta 



 
   

 

 

Electrotechnica et Informatica, Vol. 10, Issue 3, 

pp. 43-46, 2010, ISSN 1335-8243. 

[16] A. Pietrikova, J. Durisin, “Mechanické skúšky 

spájkovaných spojov,” ElectroScope, No. 4, p. 

1-4, 2008, ISSN 1802-4564. 

 


