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Failure Mechanisms of Aluminum Bondpad Peeling
During Thermosonic Bonding

Cher Ming Tan Senior Member, IEEEgnd Zhenghao Gan

Abstract—Aluminum bondpad peeling was observed in a newly
developed thermosonic wirebonding process for chip-on-board as-
sembly. Through detailed failure analysis and with the help of fi-
nite element analysis on stress simulation, the true root cause of
the peeling is identified. It is found that the true root cause is the
effect of skidding force as a result of the constrained movement of
the bonding tool as bonding is done on a chip assembled in a plastic
casing. With a change in the bonding tool movement, the peeling
phenomenon is completely eliminated.

Index Terms—Bondpad peeling, confocal microscope, failure

mechanism, finite element analysis, skidding, thermosonic
bonding. Fig. 1. SEM micrograph of bondpad with ABPO.

|I. INTRODUCTION

IRE bonding is still the dominant form of interconnec-
tion from chip to the external world. While the wirebond

failure rate for individually packaged parts is in the low parts per
million [1], the failure rates for wirebonds in multichip modules
(MCMs) and chip-on-board (COB) assemblies remain high [2].

A thermosonic wire bonding process is developed for the wire
bonding on chips assembled in a plastic casing. The bonding
temperature is lowered to 12& as the casing cannot withstand
high temperature. Het al.[3] have shown that for thermosonic
bonding of Au wire to Al bondpad, bondability can be achieved
for the temperature range of 110-180. Also, because of the
limited space for the bonding tool to move around within the
plastic casing, the movement of the bonding tool is modified ) .
from the standard bonding process. Fig. 2. Closer SEM micrograph of the peeled section of a bondpad.

However, with such a new process, serious fallout was found
due to the aluminum bondpad peel off (ABPO) from the chii§ the results of silicidation of Mo and the underlying borophos-
as shown in Fig. 1. The peel off occurred immediately after ttorosilicate glass (BPSG) layer that is deposited on top of the
bonding process, and the percentage of fallout can go beycﬁi@z as shown in Fig. 2. One can easily identify the four layers
10% in some cases. using energy dispersive spectroscopy (EDS) analysis. The scan-

In this paper, we will examine the root cause of the ABPAMNG electron microscopy (SEM) micrograph in Fig. 2 clearly
Known failure mechanisms that result in similar failure modghowed that the peel off occurred at the BPSG{Siterface.
will be reviewed first, and possible root causes will be identified. 't was also found that for chips with ABPO, the bond shear
Finite element analysis will be performed to find the true rodrces of nonpeeled-off pads on the same dies are well within

cause(s) among the possible causes. the specifications. In fact, no correlation was found between the

bond shear strength and the percentage of ABPO. Hence, the

Il. FAILURE ANALYSIS OF ABPO AND POSSIBLE root cause of ABPO is unlikely to be those that cause poor shear
force.

FAILURE MECHANISMS o . . .
Therefore, the peeling is most likely due to either cratering

Failure analysis was performed on the fallout. The bondpgad excessive stress in the BPSG film. Chetnal. [4] used a
consists of top metal layer of Al deposited on MeSihe MoSi  fractional factorial-designed experiment to study the effect of
bonding parameters on cratering for the thermosonic Au ball
Manuscript received October 9, 2002; revised April 17, 2003. bonding. They found that the three most important bonding pa-
The authors are with the School of Electrical and Electronic Engigmeters are the bonding power, bonding force, and tempera-

neering, Nanyang Technological University, 639798 Singapore (e-mail: .
ecmtan@ntu.edu.sg). Are. Clatterbaugst al.[5] also performed an extensive study on
Digital Object Identifier 10.1109/TDMR.2003.814408 the cratering. They found that cratering is more significant when
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TABLE |
EXPERIMENTAL RESULTS TOSHOW THE EFFECT OFSUBSTRATE TEMPERATURE, CONTACT POWER AND BONDING FORCE ON THEPERCENTAGE OFABPO
Run# | Temperature (°C) | Bond Power (mW) Bonding Force (gf) | % of
ABPO
1 115 200 20 49.51
2 215 200 55 0.10
3 215 0 20 0.00
4 125 0 20 0.98
5 215 200 20 37.25
6 115 200 55 24.80
7 125 200 55 6.47
8 115 0 20 0.20
9 215 0 55 0.00
10 115 0 55 0.00
*Sample size = 30 units/run or 1020 wires/run
TABLE I
BONDING MACHINE SETTING TO OBTAIN THE EXPERIMENTAL RESULTS SHOWN IN TABLE |
Parameters Values
Wirebond machine ASM AB339
Transducer Impedance 15-27 ohms
Transducer Frequency 135-138.5 KHz
Maximum Qutput power 800 +/- 20 mW
Product type 28Ld PDIP
Wire diameter 1 mil (Tanaka)
Capillary Micro-Swiss P/N# 41488-0010-335 (11 mm length)
No. of Wire 34
Wire loop height 9 +/- 2 mils
1*" bond time 40
1** bond force 40
Standby power 0
Contact time 10
Contact force 10
Initial bond force 20 gm
Temperature Variable
Bond power Variable
Bond Force Variable

bonding is done with low power and short dwell time. In factpercentage of ABPO reduces from 24.8% to zero at’I1&nd
the cratering damage was minimal immediately after bondind5 gf of bonding force. Also, comparison of Runs 6 and 1 shows
Comparing the above findings to our experimental results #eat when the bonding force is reduced from 55 to 20 gf, the per-
shown in Table |, it is clear that cratering is not the root cause oéntage of ABPO increases from 24.8% to 49.5% at°X18nd
ABPO, as the percentage of ABPO is lower for zero bond pow200 mW of bond power. Thus, one of the root causes of ABPO
than for those runs with bond power set to 200 mW. Also, theig cracking of the BPSG film due to the improper combination
is no evidence of missing silicon or fracture at the defect sitd bond power, bonding force, and temperature.
as can be seen from Fig. 1. The experimental conditions for theWith the above-mentioned information, extensive DOE was
results of Table | are shown in Table II. done in order to reduce the percentage of ABPO. We found a
For the case of the BPSG on SiQvhich is the case for this combination of bonding power and bonding force whereby a
work, Clatterbaugtet al. [5] found that the best set of bondingdrastic reduction in the percentage of ABPO was indeed ob-
conditions to resist cracking in BPSG films was the combingerved. The substrate temperature is not included in the DOE
tion of low power, short dwell time, high substrate temperaturas the range of variation of the temperature is limited due to the
and high force. Their results are consistent with that reportpthstic casing.
by Kochet al.[6] and are also consistent with our experimental With the optimal combination of the bonding power and
results, shown in Table I, which are extracted from the exteforce, the presence of ABPO remains, though at a much
sive design of experiments (DOE) matrices that we performémver percentage. Thus, we can conclude that there is at least
in this work! Comparison of Runs 6 and 10 in Table | showanother root cause for the ABPO, which is very likely to be the
that when the bond power is reduced from 200 mW to 2éte, excessive stress in the films.

1The complete DOE matrices cannot be shown due to confidential reasorll. FILMS STRESSESDUE TO WAFER FABRICATION PROCESSES

2Although zero bond power is impractical and will cause nonstick problem, . L L .
we are focused on the percentage of ABPO rather than the percentage of noroMith [7] showed that the intrinsic stresses in films arise

stick in the experiment. during film deposition, and their magnitudes are related to the
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film microstructure and defect structure. The intrinsic stress Before After
the metal film after all the processes is found to be as high

770 MPa. For metal with low mobility such as W and Mo, th: 3. Reverse loop profile

intrinsic stress is normally very highly tensile [8]. However, th: ) Additi II t A
intrinsic stress is unlikely to be one of the root causes in th e f_f_ps

work because if it is, the percentage of ABPO will be muc TZ' Capillary

3

2. Capillary

higher, and it will occur over an entire chip rather than just moves up moves up
few bondpads on a chip.
For the case of BPSG, it is known that the intrinsic stre: 1- After ball bond process 1. After ball bond process

in BPSG depends on the P and B contents in the BPSG film . _ _
[9]. Also, BPSG is highly hygroscopic, and it will absorb Watel{:r:g.s%ﬁwsa(?ginﬁgggélllustratlon of the bonding tool movement before and after
during processing and deposition. It has been shown that it can
store a large amount of water after film deposition [10]. At
around 400 C, most of the water in the film will be vaporized,
which could cause delamination between BPSG and the under-
lying oxide. However, in our case, the bonding temperature is
below 120°C, hence, the water content should not be one of the
root causes. In fact, if water content is one of the causes, a much
higher percentage of ABPO will be observed as its effect will be
on the entire chip as well.

Excessive fluorine in the oxide could diffuse out during
BPSG anneal and cause delamination between thermal oxide
and BPSG [11]. In fact, a high percentage of ABPO was ob-
served from production lots where fluorine peak was detected
using EDS on some bondpads. However, the occurrence of

excess fluorine only happened twice in the six months during to skidding force
which the percentage of ABPO was high. Thus, the excessive
fluorine is unlikely to be a root cause for ABPO Fig. 4. Bonding ball showing skidding marks as indicated by the arrows.

It has also been found that the peeling stress of a film on
substrate is a function of the elastic modulus, the thicknessrmént of the bonding tool. The change in the movement of the
the film and substrate [12]. bonding tool with the new software is shown in Fig. 3.

Therefore, one can see that the possible root causes of ABP@n careful observation of the bonding balls, one also found
that are wafer-fabrication related could be the B and P contestsvious skidding marks on balls before the software change.
of the BPSG and the thicknesses of the BPSG and 3itorder  The skidding marks are shown in Fig. 4. After the software
to examine their significance on the problem of ABPO, simulahange, the skidding mark becomes less obvious. Thus, one of
tion is employed, as will be discussed later in this work. the possible root causes will be the effect of this skidding due to

the movement of the bonding tool.

IV. FILMS STRESSESDUE TO WIRE BONDING PROCESS V. EINITE ELEMENT ANALYSIS

Clatterbaugtet al.[5] found that the thin film of BPSG is not  Now that the various possible root causes are identified, finite
sufficiently robust to withstand any of the bonding parameteegement analysis is performed in order to study their effect on
used in their studies. They found that only the combination ¢fe stress of the BPSG layer at the BPSG/Siterface.
low bonding power, short dwell (bonding) time, high substrate A schematic of the problem is shown in Fig. 5. Since the
temperature, and high force were able to prevent cracking sdnding ball is circular, the stress induced would be axisym-
BPSG film. metric. Hence, by using a cylindrical structure as shown in Fig. 5

In this work, many DOEs were performed to obtained th® approximate the actual structure, the simulation problem can
best bonding parameters such that the percentage of ABPO banreduced to two dimensions.
be eliminated. Results showed that with the optimal bondingin the analysis, all materials are assumed to be isotropic and
parameters determined, some bonding machines were indgedeform elastically. Materials properties are listed in Table I
giving 0% of ABPO, while others showed finite number 0{13]-[16]. The assumption of elasticity in the simulation is justi-
ABPO, though the number was much reduced with the optimi@ble, as thinner film shows much less plasticity than thick film
setting. [17]. In fact, high tensile strength is an important quality of thin

Upon careful study of the differences among the bonding mims. It has been shown that the occurrence of fracture is pre-
chines, we found that the software for the control of the bondirngded by a local plastic deformation, but at least three quarters
tool movement has the greatest effect. For a particular bondioighe deformation or elongation of the film are under elastic de-
machine, a 100-fold reduction in the percentage of ABPO wémmation when the film is fractured [18]. Thus, one can assume
observed after a change in the software that controls the moeéasticity to simplify the simulation greatly.
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MATERIAL PROPERTIES AND DIMENSIONS OF THE STRUCTURE
FOR FINITE ELEMENT ANALYSIS

Al MoSi, BPSG SiO, Si
Density (kg/m’) 2700 2200 2590 2200 2329
Thermal conductivity 238 47 1 1.3376 131
(W/mK)
Specific heat J/(Kg K) 917 816 754 816 700
Young’s modulus (GPa) 67.3 225 33.2* 80 141
Poisson ratio 0.33 0.25 0.17 0.25 0.22
Coefficient of thermal 23.4E-6 | 6.79E-6 2.78E-6 1.57E-6 2.6E-6
expansion (K
Thickness** (nm) 1500 100* 520* 700* -500000

a7

* These properties and dimensions are set as variables to predict their effects on the
maximum shear stress.
** The radii of the materials are the same, namely, 45pum

' edge of the ball NNSYS
\ Axial K re:dllus of the bonding ball N o
=
Al Al
MOSiz |
o MoSi2
BPSG : BPSG
Si0; Si0;
*
Substrate (Si)
»
Radial !
Si
(substrate)
150 elements

Fig. 5. Schematic graph of the cylindrical structure approximate tt
problem at hand (dimensions not to scale). (a) Three-dimensional view.
Axisymmetrical cross section.

Thickness

It—>| Radial - Y

LS

N

radius of the structure under study (60 elements)

A general-purpose finite element analysis software (ANSYS)
is used for stress analysis. The element type is four-node elg: 6. Meshes of the structure for finite element analysis. The left boundary
ment PLANE42. The thermal effect does not need to be consftithe mesh corresponds to the axis of symmetry.
ered because the temperature difference between the bondpad

and the substrate is less thaAQ [19]. z
Although the thermosonic gold ball bonding method is of the -
annular ring type, Clatterbaugt al. [5] found that the stress —~0

field for an annular ring type is similar to that for a circular
type of the same radius. Hence, one can further simplify thi
simulation by considering the circular type of the bonding ball.

A. Model Formulation

The rectangular mesh for the specimen is shown in Fig. 6. | y
consists of 60 columns of elements in the radial direction witr Gé‘é T
150, 5, 5, 1, and 10 rows of elements within the thicknesses (i
axial direction) of Si, SiQ, BPSG, MoSj, and Al, respectively.

The location of the bonding ball is also shown in Fig. 6. Fig. 7.
The boundary conditions used in this analysis are that the left
boundary of the mesh corresponds to the axis of symmetry and he various stress components computed in the simulation

therefore the displacements of all nodes at the boundary wéfé defined as shown in Fig. 7.

fixed in the radial(r) direction. The bottom boundary is con-
strained for both radidl) and axial(z) directions, hence, their
displacement was fixed also. At the top boundary, the locationsln order to identify the most significant stress component that
related to the contact radius are applied with a pressure corigeresponsible for the damage of the BPSG layer, we begin the
sponding to the contact force. simulation with the effect of bonding force as it is known that

Definitions of various stress components.

B. Identification of the Significant Stress Component
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TABLE IV
EFFECT OF B AND P CONTENTS IN BPSG ON THE PROPERTIES
OF BPSG FLM AND THE SHEAR STRESS INBPSG

B content (%) | P content (%) | Young’s modulus (GPa) | Shear Stress in BPSG (MPa)
3 4 33.2 52.2
2 6 58.9 55.3
100 TABLE V
. EFFECT OFBPSG THICKNESS ON THESHEAR STRESS INBPSG
Ty ball radius = 21 um Az
K Thickness of BPSG (nm) | Shear Stress in BPSG (MPa)
= 300 53.4
PR 520 52.2
o 700 51.5
% 40
£
g 20 ' TABLE VI
'5 ] EFFECT OFSIO, THICKNESS ON THESHEAR STRESS INBPSG
= 0 - Thickness of SiO, (nm) | Shear Stress in BPSG (MPa)
620 523
T T T T - 700 522
0 10 20 30 40 50 60 850 52.1
Bonding force (g)
Fig. 8. Effect of bonding force on the stresses in the BPSG. force alone, the net result will be the decreasing shear stress as
a function of the bonding force.
120 From Figs. 8 and 9, one can easily see that it is the shear stress
that causes the BPSG to delaminate from-S#md not the other
__ 1004 % bonding force = 30 g stress components. Hence, in the subsequent simulation, only
T AN shear stress is considered.
= 80 \\\ Ty
§ 60 - N C. Effect of Wafer Fabrication Related Factors
3 \*\\ Let us now examine the effect of the three possible root causes
g 40 - \\\\\ due to wafer fabrication processes on the shear stress in the
E - TTe= -~ BPSG film during wire bonding. For the contents of B and P in
3 207 Orr BPSG, they affect the Young’s modulus E of the BPSG film as
= 0 - ;\g ................................................. —0 shown in Table IV. The ranges of B and P contents were chosen
Czz such that they covered the entire engineering specification limits
- - . i - i y T for the B and P contents in the manufacturing of the wafers.
14 16 18 20 22 24 26 28 30 32 Table IV shows that this parameter does not affect the stresses
Radius of the ball (um) for the range considered. Hence, one can conclude that the B and
P contents are not critical for the problem at hand.
Fig. 9. Effect of bonding ball radius on the stresses in the BPSG. The next wafer-fabrication related parameters to be investi-

gated are the thicknesses of BPSG and,Silables V and VI
bonding force has an important effect on the BPSG damag8oWw the effect of these parameters for the range of thicknesses
Fig. 8 shows that the calculated shear st(ess) increases lin- that covered the upper and lower engineering specifications of
early with the bonding force, while the normal stresses and  these parameters. One can again see that these factors are not
o..) remain unchanged. The shear stress is also much highignificant.
than the normal stresses. Thus, one might conclude that th&lence, with these analysis results, one can conclude that
problem is due to shear stress rather than the normal stresseafer-fabrication parameters do not have significant contribu-

The result shown in Fig. 8 seems to be contradicted witin to the problem at hand.
others’ work that higher bonding force is better for the BPSG Lo
layer [5]. This is because in the simulation to obtain Fig. 8, tHe: Effect of Skidding
ball diameter was assumed to be fixed. In the actual case, thén order to study the effect of skidding, the actual skidding
ball diameter increases with the force [5]. Fig. 9 shows that tii@rce has to be determined. In this work, we determine the skid-
shear stress decreases drastically with the ball radius, wtdieg force by measuring the depth of the indentation caused by
other stress components have relatively negligible changt® skidding using confocal scanning laser microscopy.
Since the decrease in shear stress with the ball radius is mor€onfocal microscopy has been successfully used in medical
drastic than the increases in shear stress due to the bonding biological applications to acquire depth or height informa-
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Sect. 148

Fig. 11. Depth profile of the ball from confocal microscope{®tew) for the
determination of the slope of indentation.

Fig. 10. Depth profile of the ball from confocal microscope (front view).
tion. It has also been used for fractographic analysis on die sur--
face cracks [20]. With this microscope, three-dimensional (3- )5
images and depth discrimination can be obtained [21]. For
tails on confocal microscopy, refer to [21].

The SEM micrograph of the ball with skidding marks wa

he induced shear stress due to skidding is then simulated
ing ANSYS. In this case, the structure loses its axisymmetry
Since the skidding force is acting only on one side of the bonding
ball, and a 3-D model is necessary. However, to reduce the com-

h i Fia. 4. Th dina deoth fil btai Etational time, only a portion of the structure that includes the
shown In F1g. <. The corresponding depth profile as obtain idding force is considered. The size of the portion is chosen to
from the confocal microscope is shown in Fig. 10. From the cor-

: X i ) %e large enough so that further increments in size will not pro-
responding cross-sectional view, one can determine the verti

depth of the indentation, Gake any appreciable changes in the stress distribution.

H . he ind L duced h ; The simulated stress results showed that for units with
owever, since the indentation Is produced on the surface PO, the shear stress in BPSG due to the skidding force is

a formed bonding ball, the indentation is on a slope. Thus, t &3 GPa, an unexpectedly large shear stress due to skidding

actual indentation due to the skidding force needs to be cal(fggce However. for units without ABPO. the shear stress in

lated “?”‘9 geometry, and the slope of the in_dentation has to SG is 1.29 GPa. A difference of approximately 440 MPa in
fjetgrmmed. Hence,_ we rotate the dgpth profile by@@shown hear stress can be observed between units with and without
in Fig. 11 to determine the slope. With the slope computed, t &PO

actugl mdsntanor;]cgn'bg f;)undd. hat . ith bond From the simulation, we can see the severe effect of the skid-
Using this method, it is found that for units with bond pagi, force. When the bonding tool movement software for all

peeling, the e(ljveraghe S'ﬂ%‘ﬂ.”g ?epth iﬁ A1B. After T(c_);t(\j/\_/ared thE bonding machines is upgraded, the percentage of ABPO
upgrade to reduce the skidding force, the average sidding deg ps to zero, indicating that skidding force is indeed the true

is found to b_e 7'44‘”_]' ) ) i root cause of ABPO.
Once the indentation depth is determined, the Vickers hard-

ness (HV) equation can be used to determine the skidding force

[22]: VI. CONCLUSION
1854.4P2 ABPO was observed with a newly developed thermosonic
HV = —a (1)  wirebonding process for the bonding of Au on Al bondpad in a

COB assembly. Though with the use of DOE, the percentage of
where P is the force in gf, and! is the mean diagonal of in- ABPO is much reduced with a proper combination of bonding
dentation in micrometers [22], which can be computed from tHerce and power, the percentage of ABPO did not go down to
indentation depth. zero.

The typical HV value for the gold ball in wire bonding is 40 With detailed failure analysis, it was found that ABPO is due
[23]. Since the temperature of the gold ball is at the substratethe delamination of BPSG from the underlying Sidm.
temperature, i.e., 115C, the HV value at 115C is needed. Many possible root causes were identified, and with the help of
Itis found that the HV for gold is not significantly sensitive tdfinite element analysis and confocal microscopy, the true root
the temperature [24], hence, the HV value of 40 is used in thause of ABPO is found to be the skidding force as a result of
calculation. the constrained movement of the bonding tool. When the skid-

With this HV value for gold, the resulting average force ofling force is reduced by upgrading the software that controls the
skidding for units with bond pad peeling is found to be 48.7 ghonding tool movement, the percentage of ABPO went down to
and that for units without bond pad peeling is found to be onkero, indicating that the true root cause for ABPO was indeed
29.2 of. found.
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