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Using of Bond-Wire Resistance as Ageing Indicator of Semiconductor Power 

Modules 
   

A. Ibrahim, Z. Khatir, J.P. Ousten, R. Lallemand, N. Degrenne, S. Mollov, D. Ingrosso 
  

Abstract – This paper investigates the use of wire—bonds contact resistance as indicator to diagnose the health state of power 

electronics modules. This technique is especially dedicated to monitoring the degradation of the topside interconnection 

(metallization-wire bonds) when the module is wired with a Kelvin point. One advantage of this indicator is that it can be followed 

online, without being disturbed by current or voltage, to diagnose the state of health and, possibly, the prognosis of the remaining 

lifetime of the power module by associating it with a lifetime model. For this purpose, based on power-cycling tests in different 

conditions, a comparison between this indicator and the one commonly used, i.e. the collector-emitter voltage Vce, shows that the 

first one is much more sensitive to the degradations, easier to use online and finally should be more suitable for lifetime prognosis. 
  

1. Introduction 

     

Power semiconductor modules are the key elements in the 

chain of power conversion. Nowadays, they are widely used in 

various applications but these components remain also the weak 

element of power conversion systems in terms of reliability. In 

fact, power modules constitute an assembly of various materials 

(Fig. 1). Generally, the power chips are carried on a ceramic 

substrate which must ensure good electrical insulation and good 

thermal conduction. The substrate could be welded on a base 

plate to be cooled. The assembly technologies are various. This 

includes materials and process for insulation or passivation, 

interconnections, and die attach. Due to power and thermal 

cycling, the power modules are subjected to thermomechanical 

stresses which affect their lifetime and reliability [1]. The 

topside interconnections, consisting of the metallization and the 

wire bonds, are subjected in operation to high functional 

stresses. This is the result of an important difference between the 

coefficients of thermal expansion (CTE) of the materials in 

contact: metallization and wire bonds (aluminum) and dies 

(silicon). The metallization layer (around 5 μm) deposited on the 

chips becomes very distorted with temperature, leading to large 

inelastic strains [2]. It has been reported that two main types of 

degradation can take place in the topside of power chips under 

the effect of thermomechanical cycles: metallization 

reconstruction (Fig. 2) and degradation of bonding 

contacts [2], [3], [4]. The last one may itself be either heel-cracks 

or cracks propagation followed by lift-off [5] (Fig. 3). Various 

works have been conducted to propose scenarios of degradation 

mechanisms using thermal and power cycling tests [6], [7]. 

Although it is quite clear that the wire-bond lift-off contributes 

mainly to the module failure [8], this link is not obvious with the 

metallization degradation [8]. 

 

 

Fig. 1: General structure of power module. 

 

 
Fig. 2: Topside metallization: before and after aging. 

 
Fig. 3: Heel crack (a) and Lift off (b) of bond wires 

 
Classically, for the top-side interconnection, the collector-

emitter voltage drop (VCE) is used to monitor the status of 

degradations. Nevertheless, it is difficult to perform this 

measurement online, in addition it is a global measurement and 

does not allow to locate directly the failure in the power module. 

This paper proposes an alternative diagnostic tool based on the 

monitoring of the resistance of bond-wires to follow the 

degradation of the topside interconnections. Its main advantage 

is that it could be used for online diagnosis, it is easy to 

implement and is directly related to the failure of topside 

interconnections. This technique requires the use of the Kelvin 

connection to the source, so the resistance of bond-wires is 

measured between Kelvin connection and the mid leg for high 

side and between Kelvin connection (if it exists) of the lower 

side and the negative bus of the power modules. Such condition 

monitoring has been made in case of silicon carbide Mosfets in 

discrete case package [9]. The purpose was to be able to separate 



 

a possible degradation from the semiconductor chip itself. Here, 

the concept is applied for the first time to IGBT power modules 

for online condition monitoring. 

2. Power cycling tests methodology and results 

A. Test circuit and protocol 
 

Accelerated aging tests have been performed on standard six-

pack modules IGBT power modules (1200V-150A). Only high 

side IGBT’s have a Kelvin connection. The power cycles are 

performed on 6 modules at a time for which only the central leg 

is tested. This constitutes 2 DUTs respectively high side and low 

side switches per power module. The power modules are 

mounted in a water-cooler heat-sink device with a thermal 

grease interface. The circuit schematic of the test bench is shown 

in Fig. 4. The aging consists on repetitive cycles of self-heating 

and cooling phases. The power devices undergo thermal stresses 

due to temperature swings ΔTj between a maximum (Tjmax) and 

a minimum junction temperature (Tjmin) depending on the setting 

parameters. 

 

 

Fig. 4: Schematic power cycling test circuit. 

 

All electrical and thermal measurements (VCE, VGE, IL, Vbond, 

Isense, Tcase and Theat-sink) are monitored and recorded. The 

switching sequence is controlled by auxiliary power MOSFETs. 

A permanent low current (ISENSE=50mA) is flowing through the 

devices under test (DUTs) in order to get the junction 

temperature (Tj) by the thermo-sensitive electrical parameter 

(TSEP), i.e the collector-emitter voltage (VCE @VGE=15V). The 

case temperature, below each IGBT chip of the central leg, and 

inlet water temperature are measured by close thermocouples for 

evaluating junction-to-case (RTHJC) and junction-to-water 

(RTHJW) thermal resistances. The DC current load (IL) is set in 

order to reach the targeted temperature swings (110K, 90K and 

70K). The power cycling test conditions are summarized in 

Table I : temperature swing (∆Tj), minimum junction 

temperature (Tjmin), load DC current (IL), heating time (tON). In 

the following, the number of cycle to failure Nf is normalized for 

reasons of confidentiality. 
 

TABLE I : POWER CYCLING TEST CONDITIONS 

Test case# Tj (°C) Tjmin (°C) IL (A) tON (s) 

1 110 35 150 3 

2 90 35 135 3 

3 70 35 120 3 

 

The ageing indicators are collector-emitter voltage (VCE), 

resistance of contact (Rbond), and junction-to-water thermal 

resistance (RTHJW). The resistance of contact is obtained by 

dividing the potential difference between the Kelvin connection 

and the mid–leg connection over the load current; this resistance 

includes the resistance of the metallization, the resistance of the 

contact between the metallization and the wire bonds (includes 

electrical constriction resistance [10]) and the resistance of wire 

bonds. 

𝑅𝑏𝑜𝑛𝑑 =
𝑉𝑏𝑜𝑛𝑑
𝐼𝑙𝑜𝑎𝑑

= 𝑅𝑚𝑒𝑡𝑎𝑙𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝑅𝑏𝑜𝑛𝑑𝑖𝑛𝑔 

 

We assume that the change of resistance of wire-bonds is not 

significant and the variation of Rbond is related only to the state 

of the metallization and the contact between metallization and 

wire bonds.   

Ageing indicators are always measured in the same electrical 

and thermal conditions in static characterization phases. For this 

purpose, the aging is regularly interrupted to perform them. 

During characterizations, power current is set to 58A. Each 

IGBT is subjected to this current for 10 minutes, the time 

necessary to reach thermal steady state. The thermal resistance, 

the voltages VCE and Vbond are measured just before switch off of 

the current. 

Measured voltage VCE may possibly include a thermal 

contribution due to any increase in thermal resistance from 

possible delamination of the die attach. So, this latter 

contribution needs to be removed from the measured VCE in 

order to detect only the contribution due to the top-die 

interconnection degradations. Thus, a correction on the 

measured VCE is done to get only the degradations related to top-

metal and bonding wires contacts. 

Furthermore, all these parameters are monitored "on the 

fly". However, as these latter measurements can be performed 

under slightly different conditions, they can introduce some 

errors. Nevertheless, the resistance Rbond remains less dependent 

on the measurement conditions than the VCE because it does not 

depend on the chip characteristics. So, its measurement "on the 

fly" gives more confident and relevant results. 

The test bench is set to interrupt aging test if the VCE or Rbond 

progressions reaches the thresholds of 5% or 180% respectively. 

B. Test results 

 

Fig. 5 illustrates the evolution of the relative variation of 

VCE of high side IGBT’s during power cycling for the six tested 

modules at ∆Tj=110K. It can be seen for all components that the 

relative voltage increase is quite linear till 1%, due to the 

metallization degradation and to the crack propagation in the 

wire-bond interconnection with the metallization, then there are 

multiple jumps until 5% which is the failure criteria. However, 

there is no significant evolution in the VCE of low side IGBT's, 

it’s still around 0.5%. All tested devices have failed by bond-

wire lift-off due to crack propagation in the high side IGBT chip.  

Moreover, microscopic analyzes have shown that the 

degradations on the high side are located essentially in the red 

ellipse, shown in Fig. 9. No significant variation in thermal 

resistance was detected, indicating that no delamination or 

degradation has occurred in the structure. This has been verified 

and confirmed by scanning acoustic microscopy (SAM) analysis 

as shown in Fig. 6 (By comparing the state of the central part  

(aged part) and the other two parts on both sides). 
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Fig. 5. Monitoring of VCE during static characterizations. 

 

 

Fig. 6: Scanning acoustic microscopy of module after aging. 

 The degradation of wire-bond interconnection with the 

metallization is investigated by optical microscope analysis. 

This result is consistent with the measurements of bonding 

resistance during static characterization phases (Fig. 7) and "on 

the fly" measurements (Fig. 8). By comparison of Fig. 5 and Fig. 

7, they have the same tendency and we can establish a 

correlation. For example, a threshold of 1% and 5% in VCE/VCE 

matches with 25% and 180% in Rbond/Rbond respectively.  The 

Fig. 8 shows that the "on the fly" measurements (for Tj =110K 

and Tj =70K) are as accurate as static characterization ones but 

with a continuous sampling because the monitoring is easily and 

accurately performed continuously during aging. So, based on 

this results, this parameter could be advantageously used as 

aging indicator for the top interconnection. 

 

 

Fig. 7. Monitoring of wire-bonds resistance during static 

characterizations. 

 

 

 
Fig. 8. Monitoring of wire-bonds resistance "on the fly". 

3. Specific investigations on the bond-wires resistance 

Some measurements have been performed on a healthy half 

bridge to understand the impact of bond-wires lift-off. The study 

focuses on the six bond-wire contacts as represented by the red 

ellipse in Fig. 9. These contacts are causing the module failure 

apart from the degradation of the metallization. A current of 1A 

(±2.3mA) is applied using a Source Meter Unit on the DC bus 

of the half bridge where the two IGBTs (high and low sides) are 

in the on state (VGS=15V). The current is chosen relatively low 

to avoid self-heating of bondings and dies. The voltage is then 

measured between the kelvin point of the high side IGBT and 

the midpoint, avoiding the effect of bonding of mid-point. The 

resistance of the top interconnection corresponds to the voltage 

and current ratio. All measurements are made at 25°C. 

 

 
Fig. 9. Measurement of the resistance of the top interconnection. 



 

 

Fig. 10. Manually open contact of wire bonds 

The bond-wires were cut out successively one by one from 

one edge to the other as seen in Fig. 10. Given the location of 

the high and low chips, it is intuitive to deduce that there will be 

a mutual heating effect which induces an inhomogeneity in the 

temperature distribution because the dies are warmer in the 

direct vicinity. As the damage also depends on the temperature, 

the degradation of the contacts will be more pronounced on the 

edge near the low side chip and consequently the lift-off of wire-

bonds should begin from this edge. This hypothesis has been 

confirmed by microscopic observation. The equivalent 

resistance, given in Table II, has been noted each time a contact 

was opened. These measures are strongly correlated to the aging 

tests. Indeed, there is an increase in R/R of 26% for the 

disconnection of one contact and 176% for the loss of 5 bond 

wires. In fact, the resistance is very sensitive to the position of 

bond wires on the metallization with regard to the Kelvin point. 

The metallization consists of three parallel pads (see Fig. 10). 

The lift-off of the two wire bonds from the common pad with 

the Kelvin point forces the current to pass through the 

metallization that represents a higher resistance and 

consequently a strong increase in the overall electrical resistance 

of the contact. This explain some variabilities in the progress of 

R/R for the six DUT’s as shown clearly on Fig. 8. But whatever 

the order of detachment of wire-bonds, we can always determine 

the moment when the wire-bonds start to lift-off, and also the 

increase of Rbond to 175% always corresponds to an increase in 

the VCE to 5% and to the end of life of the module. 
 

TABLE II : VARIATION OF THE RESISTANCE OF THE TOP INTERCONNECTION 

WITH BOND-WIRE LIFT-OFF 

Number of wire 

bonds cut-off 

Current 

(A) 

VCE(mV) 

±0.15mV 

Resistance 

(m) 

%R/R 

0 1  1,64 1,64 0 

1 1 2,09 2,09 26 

2 1 3,72 3,72 120 

3 1 3,9 3,9 131 

4 1 4,49 4,49 165 

5 1 4,64 4,64 173 

6 1 5,14 5,14 202 

4. Numerical simulation 

In this part, a 2-D model was built using Simulink in order 

to reproduce what is done by experimental study and to quantify 

the effect of metallization and contact degradations. Fig. 11 

shows a part of the model that represents one pad of the 

metallization. Where: 

 Bond-wires are represented by Rbond and RbondC, it 

depends to the length of bond-wire. 

 Rcont represents the resistance of contact bond-

metallization, it was deducted by experimental 

measurement. 

 Rmet is the resistance of the metallization and is determined 

by 4-wires measurement at the extremity of the pad and 

confirmed by a theoretical approach. 

 Ron represents the On-State resistance of IGBT 

 Vbond is the measure of potential difference between the 

Kelvin connection and the output of the circuit. 

 VceKelvin is the collector emitter voltage measured 

between collector and Kelvin connection. 
 

 
Fig. 11. Electrical model of metallization and top interconnection. 

Table III summarizes the different parameters used in this 

model. To estimate all of them, an optical profilometer is used 

to determine the dimension of the metallization and the position 

of contacts on the metallization area. Based on that, each pad is 

represented by a network of 10 elementary cells (Rmet/2 – Ron 

– Rmet/2) and then it has been grafted a connection wires which 

are represented by a contact resistance and a bonding resistance. 

Admittedly this model is simplified but it makes it possible to 

validate some experimental measurements and to link the 

variation of the VCE to the degradation of the metallization and 

the contacts. All results are given in a steady state under constant 

temperature. 

 



 

TABLE III : PARAMETERS USED FOR SIMULATION 

Rbond 10 m 

RbondC 5 m 

Rcont 2 m 

Rmet 4.6 m 

Ron 36 m 

ILoad 60A 

 

First, we simulate the bond-wire lift-off by opening the 

contacts one by one. As reported in Table IV, we find the same 

trend in the progression of the interconnection resistance 

including metallization, contacts and wires. As expected, we 

notice that the progression is not linear especially with the loss 

of the prime two contacts. The evolution of the voltage 

VCEKelvin taken with the kelvin connection also confirms our 

experimental observation. Indeed VCEKelvin decreases with 

aging regardless of degradation or not of metallization. This is 

explained by the fact that the current is redistributed over the 

other pads of the metallization when contacts degraded. We 

would just caution the use of kelvin connection for measuring 

VCE, whatever as an aging indicator or as a thermosensitive 

parameter for the indirect measurement of the junction 

temperature. 

 
TABLE IV : SIMULATION OF CONTACT DEGRADATIONS 

N° of open 

contacts %VCEKelvin %VCE %R/R 

0 0,0% 0,0% 0,0% 

1 -2,0% 0,8% 21,4% 

2 -9,4% 3,7% 103,1% 

3 -9,2% 4,8% 110,6% 

4 -8,6% 8,4% 136,7% 

5 -8,0% 9,6% 142,2% 

6 -5,8% 13,9% 162,3% 

 

In [8], investigation in the degradation of the metallization 

with aging have been done, it has been noticed that the damages 

in the metallization appear immediately at the beginning of the 

aging. In addition, it has been observed an increase of around 

25% in the resistance of the metallization equivalent to a VCE 

increase of 1.15%. It should be mentioned that the study 

presented in [8] was conducted on another type of module but 

both modules in these studies have an aluminum metallization. 

By simulation, the degradation of the metallization can be 

represented here by changing its resistance progressively to 30% 

without any degradation in bond-wire contacts. Curiously, VCE 

increases also to 1.1% as it is resumed in Table V. The cause of 

the increase in metallization resistance can be either due to a 

change in the aluminum resistivity because of chemical 

reactions, or a modification of the geometry due to metal 

reconstruction. Anyway, this leads to a redistribution of the 

current in the die and on the metallization and then justify the 

negative evolution of VCEKelvin. Once again, the use of 

VCEKelvin is compromising. 
 

TABLE V : SIMULATION OF DEGRADED METALLIZATION 

%Rmet %VCEKelvin %VCE %R/R 

0,0% 0,0% 0,0% 0,0% 

5,0% -0,1% 0,2% 2,1% 

10,0% -0,1% 0,4% 4,2% 

15,0% -0,2% 0,6% 6,2% 

20,0% -0,2% 0,8% 8,2% 

25,0% -0,3% 1,0% 10,2% 

30,0% -0,3% 1,1% 12,2% 

 

The resistance of the interconnection is sensitive both to the 

degradation of the metallization and to the degradation of the 

contact. This parameter can be used to diagnose the state of the 

interconnection and to assess the module's health online. 

5. Conclusions  

An alternative diagnostic tool based on the monitoring of 

the resistance of bond-wires to follow the degradation of the 

topside interconnections of Insulated Gate Bipolar Transistors 

(IGBT) power modules has been presented in this paper. The 

main advantage is that it could be used for online diagnosis, it is 

easy to implement and is directly related to the failure of topside 

interconnections. The experimental and simulation results show 

the good accuracy of the proposed technic and its potential to be 

used as aging indicator or as failure precursors for online 

lifetime prediction. However, using this indicator is conditioned 

by the presence of the Kelvin connection to the source. Also, this 

indicator is sensitive to the position of the Kelvin wire bond on 

the metallization. It is necessary to validate this tool with other 

modules and other topographies in order to establish a finer 

correlation with the collector-emitter voltage drop (VCE). 
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