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Abstract: In this report, the electrical resistance of the intermetallic compounds (RIMC) at bonding interfaces of gold (Au)- and 
copper (Cu)-aluminum (Al) in a microchip was studied. Micro-structural and electrical characterizations were performed on the 
samples prepared with combinations of wire types, bonding temperatures and High Temperature Storage conditions. It was 
observed that the IMC growth was generally in the parabolic manner which implied the volume diffusion mechanism. The resistance 
of the interfacial intermetallic compound (IMC), RIMC was related to High Temperature Storage (HTS) duration, t, in the exponential 
manner due to void formation. This contributed to the exponential correlation between the RIMC and IMC thickness. This contravened 
the common observation of a linear relationship between the resistance of IMC and its thickness. Furthermore, a theoretical model 
was developed to predict the bonding interfacial contact area. The contact area was calculated from measurements of concentration 
profile, IMC thickness and electrical resistance. It was anticipated that the interfacial contact area varies with the IMC thickness in a 
“bell-shape” manner. The predicted contact area and its diameter, based on cylindrical geometry, were in a good agreement to that 
of experimental measurement. 

1. INTRODUCTION 
In microelectronics packaging industry, 
thermosonic wire bonding has been an important 
assembly technique. It enables the electronic 
interconnection from bond pads of an integrated 
circuit (IC) to an external substrate or lead frame 
via bonded wires [1]. Kim et al claims that 
thermosonic wire bonding has been used for its 
advantage of better stability and cost effectiveness 
despite the current trend of flip chip interconnection 
on high inputs/outputs (I/Os) and high-speed 
devices [2]. 

Thermosonic Gold (Au) wire bonding on Aluminum 
(Al) bond pad metallization has been a common 
electrical interconnection employed in the 
microelectronics industry. Au wire bonding offers 
plenty of benefits: self-cleaning, high yield, 
flexibility and reliability [3]. Nowadays, Copper (Cu) 
interconnection technology has grown interested in 

the industry, mainly due to a lower cost and 
enhancement of the reliability of components [4–6]. 

Studies of intermetallic compound (IMC) at both Au 
and Cu wire-Al bond pad interface (Au-Al and Cu-
Al) has been the major research direction 
performed by many researchers [2,4–6]. This is 
crucial as IMC is believed to contribute to failures 
at the wire bonding interface. In general, a 
sufficient growth of IMC under High Temperature 
Storage (HTS), which is an industrial standard 
isothermal annealing process, improves the 
bondability. However, an excessive growth of IMC 
could lead to a degradation of reliability of the 
bonding due to the formation of voids and increase 
of electrical resistance [2,7,8]. Moreover, the 
electrical resistances of Cu-Al IMCs are lower than 
that of Au-Al [1] indicates that the devices with Cu 
wires bonded have better performance. Besides, it 
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is commonly observed that the growth of both Au-
Al and Cu-Al system complies to a parabolic 
behavior [9–11] which reflects the nature of the 
volume diffusion mechanism [12]. 

On the other hand, the study of electrical 
characteristics of IMC that present at the bonding 
interface is less common compared to 
microstructural studies. Braunovic et al reports that 
IMC formation at the interface of Cu-Al metal 
couple induces a contact resistance. The contact 
resistance change increases with the thickness of 
IMC in a linear manner [13]. A similar linear 
behavior but with a greater slope is seen in the 
works of Wei et al [14] that focuses on the contact 
resistance analysis of the micro-electronic device 
with Au and Cu wired Al-1%Si bond pad. This is 
explained by the electrical characteristics of Cu-Al 
systems with different dimensions. In addition, 
another report from the similar research group [15], 
it is generally observed that the contact resistance 
of Cu-Al IMC increases slowly with the annealing 
duration up to 1000 hours. On the other hand, the 
Au-Al contact resistance shows a tremendous 
increment. One may notice that the electrical 
characterization is less performed on the pure Al 
bond pad of the microchip, perhaps alloyed Al 
bond pad which improves the electromigration 
resistance [16] is more favorable for product 
stability. Moreover, samples of mentioned studies 
are believed to be fabricated with a constant wire 
bonding temperature. Thus, the effect of bonding 
temperatures towards IMC growth under HTS and 
electrical characteristic change is not properly 
evaluated before. 

The objective of the present study focuses on the 
microstructural and resistance analysis of the IMC 
developed at the bonding interface of wire-Al bond 
pad. Experimental variables considered were wire 
materials, bonding temperatures and HTS 
durations. The correlation between the IMC growth 
and resistance of the IMC is evaluated. 

2. EXPERIMENTAL PROCEDURES 
The sample fabrication was started with die 

bonding process to transfer microchip from wafer 
form to leadframe. Then the Thermosonic wire 
bonding process was carried out to interconnect 
wires on the Al bond pad and leadframe. Process 
parameters and equipments used in the sample 
synthesis were similar to that of [17], except that 

sample were bonded with both Au and Cu wires, 
bonding temperatures employed were 280 and 
400°C. Bonded samples were then further proceed 
with molding, galvanic tin (Sn) plating, trim/form 
and finally electrical testing. Tested functional 
samples were then loaded into the HTS oven for 
annealing at 175°C up to 1000 hours with a 
duration interval of 100 hours. Then a cold 
mounting was performed prior to the cross-
sectional grinding and polishing to expose the 
center of Au/Cu-Al bonding interface. The 
microstructural characterization of IMC at the 
bonding interface was performed using Zeiss 
Axioskop 2 MAT Optical Microscope (OM). 
Selected samples were inspected using JEOL-
LV/EDX Scanning Electron Microscope (SEM) with 
Energy Dispersive X-ray (EDX). Besides, the as-
bonded sample was selected and prepared with 
Focused Ion Beam (FIB) for Transmission Electron 
Microscopic (TEM)/EDX analysis. The lamella was 
extracted from the periphery of the ball bond (high 
stress area) and transferred to a Molybdenum (Mo) 
grid before TEM/EDX analysis.  

As for the electrical resistance of the IMC, it was 
determined from the following equation: 

          (1) 

Where   

RIMC = Resistance of IMC layer present at the 
bonding interface of a diode device (Ω), 

Rd = Measurement of resistance of a diode device 
which obtained from V-I characteristic (Ω), 

Rc = Measurement of resistance of the diode chip 
(Ω), 

RL = Measurement of resistance of leadframe (Ω), 

RW = Measurement of resistance of wire in the 
device (Ω), 

Rd was measured using Sony/Tektronix 370A 
Programmable Curve Tracer curve tracer. Rc, RL 
and RW were measured with Kevin’s Double Bridge 
which is meant for small resistance measurement 
[18]. It was convenient to perform the resistance 
measurements of Rc and RL together as their had 
been bonded. Moreover, it was difficult to measure 
Rw directly from the bonded wires due to their short 
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length in a unit of wire bonded microchip. Thus, Rw 
was estimated by first measuring the resistance of 
the wires with a reasonable length (e.g. 30cm). 
Then Rw could be estimated by calculating the ratio 
of the total wire length in a unit of microchip (about 
0.65mm) to 30cm and multiply the measured 
resistance of the wire with 30cm. 

From measurements, it was estimated that  

Rc + RL ≈ 1.824 mΩ (2) 

      (3) 

Equation (1) could be written in approximate 
manner as 

                        (4) 

3. RESULTS AND DISCUSSION 
The OM inspection on the IMC thickness for both Au and 
Cu wire samples that were prepared with various 
combinations of bonding temperatures and HTS 
conditions was carried out. Figure 1a to c show the 
thickness measurement results of different wire-bonding 
temperatures-HTS condition systems. It was observed 
that the higher bonding temperature generated a higher 
initial IMC thickness, i.e. from about 0.49μm at 280°C to 
0.71μm at 400°C. However, the IMC thickness after HTS 
treatment was strongly affected by HTS temperature and 
durations. The parabolic trend of the IMC thickness (x) 
with HTS durations (t) was visually observed in Figure 
1a, however, this trend was not obviously seen in Figure 
1b and c. A linear regression analysis on x2 versus t plot 
is helpful for confirming whether the parabolic trend 
existed in the IMC thickness measurements of other 
samples [19]. Figure 2 shows the results of the 
regression analysis. Values of coefficient of 
determination (R2) of each category of sample labelled in 
Figure 2 were found greater than 0.80. This indicated a 
strong linear correlation between x2 and t. Therefore, the 
parabolic trend of IMC growth kinetic for sample 
evaluated was evident. This leads to an implication that 
the IMC development at the bonding interface is 
controlled by volume diffusion [11,20]. The similar 
phenomenon was reported in other reports [1,7].  

Measurements of RIMC of both Au and Cu bonded 
samples with HTS temperatures of 175 and 200°C were 
shown in Figure 3a and b, respectively. Generally, RIMC 
increased with HTS durations in an exponential manner. 
This indicated a degradation of conductivity of the 
bonding interface over the HTS duration. Moreover, with 
HTS at 175°C, the magnitudes of  measured RIMC were 

in the order of Au wire sample (synthesized at 280°C) > 
Cu wire sample synthesized at 400°C > Cu wire sample 
synthesized at 280°C. However, for samples annealed at 
the higher HTS temperature (200°C), RIMC of samples 
bonded with Cu wire were greater than that of Au wire 
sample. Changes in RIMC were explained through the 
IMC development or thickening and void formation at 
bonding interface. A growth in the thickness of a Cu-Al or 
Au-Al IMC naturally results in an increase of interfacial 
resistance. This is due to the resistivities of these IMCs 
are greater than that of pure Cu, Au and Al metals [1]. 
Moreover, the formation of voids at the bonding interface 
reduces the contact area between Cu/Au and Al. This 
again leads to an increase of the interfacial resistance.  

At the lower HTS temperature, the trend of RIMC 
measurements was controlled by the IMC growth at the 
bonding interface. A rapid growth of Au-Al IMC (refer 
Figure 1a) resulted in a greater RIMC. Likewise, the IMC 
thickness of the Cu wire sample synthesized at 400°C 
was relatively higher than that of similar sample prepared 
at 280°C. Besides, the trend of RIMC of Au wire sample 
and Cu wire sample with bonding temperature of 400°C 
were noticed to deviate from a linear manner after 700 
hours of HTS treatment. This was due to initiation of void 
formation at the bonding interface. For the Au wire 
sample, it is generally known that the Au-Al IMC and void 
formation are rapidly developed at the bonding interface 
[21,22]. This phenomenon was observed in image of 
optical microscope (OM) as shown in Figure 4a. This 
explained the most deviated RIMC-HTS duration pattern 
from a linearity as seen in Figure 3a. For Cu wire 
samples, similar failure analysis using an OM is not 
feasible due to limitations in its magnification. Instead, 
Scanning Electron Microscope is necessary. Figure 4b 
and c show the comparison of FESEM images of cross-
sections of Cu wire samples synthesized at both 280 and 
400°C, respectively, after 175°C HTS for 1000 hours. It 
was observed that small voids formation at the bonding 
interface was found only in  Figure 4c. This explained the 
intermediate deviation of the RIMC-HTS duration pattern 
for Cu wire sample synthesized at 400°C. There was no 
observation of the void formation at the bonding interface 
in Figure 4b. This resulted in the RIMC-HTS duration 
pattern with almost no deviation from linearity. 

From Figure 3b, after HTS treatment at 200°C,  RIMC of 
the Cu wire samples at the HTS temperature of 200°C 
was found greater than that of Au wire sample. It was 
strongly believed that the void formation at the bonding 
interface was prominent in affecting RIMC rather than the 
IMC growth or thickening. This was due to the growth of 
Cu-Al IMC that is much slower than that of Au-Al ([1,2] 
and Figure 1). This was supported by the magnified OM 
images of both Au and Cu wire samples as shown in 
Figure 5 which revealed different levels of void 
formations at the bonding interfaces. It was observed that 
the magnitudes of voidings were in the order of Au wire 
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sample < Cu wire sample synthesized at 280°C < Cu 
wire sample synthesized at 400°C. This explained the 
trend of RIMC measurements as seen in Figure 3b. 

Figure 6 shows the linear regression analysis of plots of 
ln(RIMC) versus HTS durations (t, in the unit of hours). 
Empirical linear equations of each category of sample 
and their corresponded coefficient of determinations (R2) 
were labelled in Figure 6. From the values of R2 > 0.8, 
ln(RIMC) established a strong linear correlation with t. In 
other words, the exponential correlation between RIMC 
and t was proven statistically. According to Wei et al [15], 
an exponential increasing trend of contact resistance with 
HTS duration is graphically observed for 50μm Au wire 
bonded on Al-1%Si sample after 150°C HTS treatment. 
However, this observation is not further analyzed and 
confirmed. The exponential growth of RIMC with HTS 
durations as observed in this study was the major reason 
that caused the exponential relationship between RIMC 
and IMC thickness as discussed in following.  

Empirical and regression result could be summarized into 
following equations: 

a. From the empirical results of IMC thickness, x 
after HTS duration of t, [9] 

 (5) 
b. From the empirical results of RIMC after HTS 

duration of t 
          (6) 

From (5) and (6),  

    (7) 
Where A, B, C and D were constants that had S.I. 

units of ms-1/2, Ω, s-1 and m-2, respectively. x0 was the 
thickness of IMC at t = 0. It was noted that A described 
the increment rate of IMC thickness after HTS, B was 
corresponding to the initial RIMC, C and D were the 
exponents which determined how rapid the RIMC change 
with t and the (x-x0), respectively. Table 1 summarizes 
the estimated values of these quantities from the 
experiment. 

Equation (7) was validated by plotting lnRIMC versus 
(x-x0)2. Then a linear regression analysis was performed 
and summarized in Figure 6 and Figure 7 for Cu and Au 
wire samples, respectively. The corresponding linear 
equations and R2 values were labelled in these plots. 
Strong linear correlations were observed and thus the 
relationship in equation (7) was valid. The exponential 
relationship as observed in this experiment was 
contracting the common observation by other 
researchers. According to [13] which studies on friction 
welded Al-Cu bimetal, difference of resistance around the 
joint (before and after heat treatment) is proportional to 
IMC thickness. Wei et al reports the similar linear 
relationship on Cu wire bonded Al-1%Si bond pad 
sample [15]. The similar conclusion is made in [23] that 

studies the IMC in cold rolled Cu-Al bi-metal. However, 
measurement data in this study could hardly fit this linear 
relationship statistically. 

It is possible to estimate the contact area of Cu-Al 
based on the measurement of the electrical resistance 
and IMC thickness through the following equation: 

    (8) 

Where 

ρ = resistivity of the IMC formed at the bonding interface 
(S.I. unit: Ωm), 

x = IMC thickness, 

RIMC = electrical resistance. 

It was noted that by substituting equations (7) into (8) 
while treated ρ as a constant, equation (8) became 

         (9) 

he corresponding plot of I versus x based on 
equation (9) will be in the form of a symmetrical bell-
shape as shown in Figure 8. This meant that I increased 
with the IMC thickness until a critical thickness which I 
reached its maximum value. Then I started to reduce 
when the IMC thickness was further thickened. In fact, 
this bell-shape behavior was upheld for any function of ρ, 
except when it was in an exponential form in term of x 
that cancelled the similar exponential component in 
Equation (9). This subsequently resulted in a constant I. 
The reduced trend of I was again due to void formation at 
the bonding interface which resulted in the exponential 
relationship between RIMC and x (equation (7)). 

Value of x and ρ can be determined from 
compositional analysis e.g. EDX line scan. ρ is 
determined by recognizing the phase exist at the Cu-Al 
interface according to the composition in this region 
using phase diagram. For single phase system, ρ is a 
constant and equation (8) could be used directly. 
However, for a binary phase system which the 
concentration of elements falls between two phases in 
the phase diagram, ρ in equation (8) comply the following 
relationship [24]: 

      (10) 

where  

Vα and Vβ are volume fraction of α- and β-phase which 
exist at the bonding interface, respectively. ρα and ρβ are 
electrical resistivity of α- and β-phase, respectively. 
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Equation (9) can be further expanded and written in 
term of the mass-fraction of each phase, concentration 
measurement of one of the elements (e.g. Cu) and mass-
density of the elements [25]: 

     (11) 

where  

c = measured concentration of Cu element using line 
scan EDX, with cα < c < cβ. cα and cβ are the 
concentrations of Cu element at which a tie line at low 
temperature (<300°C) [26] intersects with the α- and β-
phase boundary lines. Pα and Pβ are the mass densities 
of α- and β-phase, respectively. 

Combinations of the equations (9) and (11) enable 
the estimation of the contact area at the bonding 
interface after the HTS process, if a similar compositional 
analysis can be done on annealed samples. In this work, 
however, only the as-synthesized Cu wire bonded 
sample prepared with the bonding temperature of 280°C 
was assessed with TEM and line scan EDX analysis. The 
analysis was performed at the periphery of the ball bond 
(high stress area) and the result was shown in Figure 9a 
and b. Figure 9a was the imaging result at the high stress 
area and a red line in the image indicates the position of 
the line scan EDX measurement. Figure 9b was the 
composition profile of both Cu and Al element along the 
scanning line. From Figure 9b, it was determined that the 
thickness of the IMC layer ~350nm and the average Cu 
concentration at the bonding interface ~57 wt%. OM is 
out of capability to assess this IMC thickness. From the 
equilibrium phase diagram [26], there was a layer of 
mixture of CuAl2 (θ, as α-phase) and CuAl (η2, as β-
phase) phases at the bonding interface. From literature, 
following key variables are determined: ρα = ρθ = 8μΩcm, 
ρβ = ρη2 = 11.4μΩcm [27],  

 [12], and 
 [28]. These data resulted in an 

estimated resistivity of the mixture of phases at the 
bonding interface of 8.54μΩcm from Equation (11). Then 
the contact area was predicted using equation (9), i.e. 
2040μm2. With an assumption that the development of 
IMC at the bonding interface was ideally a cylinder with 
thickness of ~350nm, then the expected diameter of the 
contact ~50μm. Figure 9c show the magnified cross-
sectional OM image of the ball bond of the as-
synthesized Cu wire sample. It was observed that the 
contact area was with a diameter of about 40μm. 
Therefore, the estimated value of contact diameter was 
rather accurate. This method used measurements of the 
electrical resistance, IMC thickness and concentration 
profile of one of the elements at the bonding interface to 
estimate the interfacial contact area. This contact area 
measurement technique could be a complement to a 

common mechanical cross-section technique and an 
effective alternative to time consuming “slice-and-view” 
FIB/SEM method [29,30].  

4. Conclusion 
Measurements of the IMC thickness and RIMC of 

samples prepared with various wire types, bonding 
temperatures and HTS conditions were performed. It was 
observed that the IMC thicknesses complied to the 
parabolic rule. This implied that the growth of the IMC 
was dominated by the volume diffusion mechanism. The 
exponential increase of RIMC with HTS durations was due 
to the void formation at the bonding interface. This was 
evident in the SEM analysis of the annealed Au and Cu 
wire samples. This led to an exponential increase of RIMC 
with IMC thickness. This observation was unique as 
other reports claim a linear correlation between these 
quantities. The exponential behavior of RIMC further 
impacted in the modeling of the interfacial contact area of 
the bonding interface. It was predicted that the contact 
area increased with IMC thickness initially. When a 
critical thickness was reached, the contact area was 
maximized. However, the contact area decreased when 
the IMC thickness was further thickened. This behavior 
was generally upheld, except in the case that the 
electrical resistivity was an exponential function in term of 
IMC thickness. This resulted in the cancellation of the 
exponential component in the equation of RIMC. This 
subsequently caused I a constant value. Furthermore, a 
theoretical model of the interfacial contact area was 
developed. This model enabled the estimation of the 
contact area from the concentration profile, IMC 
thickness and electrical resistance. It was estimated that 
the interfacial contact area ~2040μm2 or diameter of the 
contact ~50μm which was in a good agreement with the 
optical microscopic observation. 
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Table 1: Summary of IMC growth and RIMC increment related quantities. 

Wire 
type 

Bonding 
Temperature 

(°C) 

HTS 
temperature 

(°C) 

A  
(10-3 μm/hr1/2) 

B  
(10-3 mΩ) 

C  
(10-3 hour-1) 

D  
(10-3 m-2) 

Au 280 175 167.063 33.507 2.256 2.256 

Au 280 200 197.687 30.107 2.962 2.962 

Cu 280 175 30.047 17.583 1.872 1.872 

Cu 280 200 35.256 16.472 4.807 4.807 

Cu 400 175 24.950 27.087 2.145 2.145 

Cu 400 200 30.030 31.575 4.512 4.512 
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Figure 1: Results of IMC thickness versus HTS duration in for (a) Au wire wired sample synthesized at 280°C, (b) Cu 
wired samples synthesized at 280°C, (c) Cu wired samples synthesized at 400°C. 
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Figure 2: Results of linear regression analysis (x2 vs t) for various wire materials-bonding temperatures combinations: (a) Au-
280°C, (b) Cu-280°C and (c) Cu-400°C. 
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Figure 3: (a) measurement of RIMC for both Au and Cu wire sample with different bonding temperatures and HTS 
conditions. (b) was the result of regression analysis of (a). 

 

 

 

Figure 4: (a) Optical micrograph of Au wire samples after 1000 hours of HTS at 175°C. FESEM results on cross-sectioned 
samples of Cu wire samples after HTS 1000 hours at 175°C that were synthesized at (b) 280 and (c) 400°C. 

 

 

Figure 5: Optical micrograph of (a) Au wire sample, Cu wire sample synthesized at (b) 280°C and (c) 400°C, after 1000 hours of 
HTS at 200°C. 
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Figure 6: Linear regression analysis on Cu wire samples annealed in HTS temperature of (a) 175 and (b) 200°C. Values 
specified in legends were referring to bonding temperatures. 

 

 

Figure 7: Linear regression analysis of Au wire samples. 
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Figure 8: Plot of I versus x based on equations (7) and (8) by assuming ρ was a constant. 
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Figure 9: a) TEM image of Cu-Al bonding interface which was taken from the high stress area at the periphery of the 
bonding, (b) Concentration profile of Cu and Al elements along a red line across the bonding interface as defined in (a), 
(c) Optical microscopic image of Cu-Al bonding interface after mechanical cross-section. 
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