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This paper presents the factors that have the greatest influence on the mechanical strength of high-power LEDs,
including bonding wire modes, pressure angles, and falling speeds of the indenter. Results show that the LED
strength is greatly impacted by the wire bonding modes. Two main failure modes are identified: the silicone-
lens crack caused by the stress concentration and the open-circuit failure induced by fractures in the bonding
wire. The fractures are all located at the top of the LED chip bond pad. The bonding wire fractures are localized
in a necking in the heat-affected zone (HAZ) or formed along the edge of bonds. It is confirmed that the wire
bonding modes impact the mechanical strength of the vertical LEDs. It is hoped that the findings of our work
will guide further work to determine and improve the modes of bonding wires, as well as the LED installation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

High-power LEDs are currently undergoing rapid development due
to their significant advantages, such as providing high brightness and
having a long life while saving energy. Currently, LEDs are mainly
used in general lighting applications such as in indoor and landscape
lighting, backlighting and in outdoor full-color displays [1,2].

Undoubtedly, in terms of their features, LEDs exhibit a superiority
that conventional incandescent lamps or fluorescent lamps cannot
achieve. However, reliability issues are still a considerable problem
that restricts their applicability. Previous literature has indicated that
excess moisture and high temperatures may result in a decrease in the
luminous efficacy or the open-circuit failure of GaN LEDs [3–6]. Many
experiments have also indicated that the operating temperature is an
important factor affecting the mechanical reliability of LEDs [7–9]. This
is because stress appears in LEDs during thermal cycling in the presence
of different expansion ratios for variousmaterials, which leads to crystal
defects and open-circuits as a result of bonding wire fractures [10]. In
addition, a stress-lifetime model based on the Arrhenius equation [4],
which explores the relationship between thermal stress and life time,
has been widely acknowledged. The reliability of LEDs has been greatly
improved on the basis of this model [11].

Nevertheless, for solid-state lighting products to be successful, the
best and brightest LEDs required should be available on the market.
Moreover, the knowledge and support to handle these components in
urface Functional Structure
es, South China University of
high-speed applications, that require high yields and low defect rates
without damage to the LEDs, is also critical [12]. Notably, there are
many external compressive loads that lead to LED failure, which causes
uncertainties for engineers and impedes large-scale application of LEDs.
Firstly, some LED packaging companies, including the CREE, have found
that the catastrophic failure of LEDswith ceramic substratemayoccur as a
esult of improper parameter settings during the pick-and-place operation
performed by the pick nozzles during the surface mounting process. Ad-
ditionally, to meet the demands of specific illumination distributions, a
secondary lens is used in high bay lights. Such a secondary lensmay com-
press the LED as a result of inappropriate assembling, leading the LEDs
lens to crack which can cause corrugation of the bonding wire.

At present, detailed investigations of LED failure issues under
external pressure still focus on the chips, the silicone material and the
bonding wires. For a cylindrical bonding wire with a circular crack, its
stress intensity factor is given as:

KI ¼ P

D3=2 1:72
D
d0

−1:27
� �

; ð1Þ

KI ≥ KIC ; ð2Þ

where: KI is the stress intensity factor of the bonding wire; P is the drag
force sustained by the bonding wire; D is the diameter of the bonding
wire; d0 is the diameter of the crack; and KIC is the surface crack
tenacity. As KI ≥ KIC, the crack in the bonding wire continues to extend,
finally resulting in fracture.

For silicone materials, various models have been proposed to study
the deformation and the stress of viscous silicone under pressure. The
model that has been proven to accurately predict the stress of
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viscoelastic material during uniaxial compressive tests is related to this
equation:

σ ¼
ffiffiffi
3

p
τ0 ln 2

ffiffiffi
3

p
A0

� �
þ

ffiffiffi
3

p
τ0 ln εð Þ; ð3Þ

where: τo is the initial-deviatoric stress, Ao is the cross section area of
the material, and ε is the strain of the viscoelastic material.

However, previous literature fails to recognize the importance of the
modes of bonding the wires in LED packaging, especially in terms of
influencing the mechanical strength of the LED. Consequently, we
consider that there is an urgency to propose methods for evaluating
and analyzing themechanical strength of LEDs under external pressure.

In this paper, a series of experiments that evaluate the mechanical
strength of the LEDs in the presence of external pressure are conducted.
LEDswith various types of bondingwires,which are of industrial impor-
tance today, are fabricated as samples. In order to replicate the loading
of LEDs in various applications, four indenters of various angles and
three loading speeds are set as the variable parameters. The mecha-
nisms of LED failure are analyzed through visual detection methods
using an optical microscope, X-ray imaging, and a scanning electronic
microscope. Our experimental findings are promising towards develop-
ing bonding wire modes with high mechanical strength for LED
packaging.

2. Experiments

Vertical high-power GaN LEDs (of type 3535 type) were used in the
experiments, as shown in Fig. 1. The LED is composed of an LED chip
bonded with silver paste, a high-temperature co-sintered ceramic
(HTCC) lead frame substrate with top/bottom layer copper films, a
bonding wire, and a dome-shaped silicone lens. The silicone is made
using Dow Corning® OE-6650 resin with a weight ratio between the
A:B components of 1:3. The diameter of the gold wire is 1 mil
(25 μm). As shown in Fig. 2, the difference between the LEDs is the
mode of bonding the wire. For the mode shown in Fig. 2(b), a gold
ball is first bonded to the top of the chip and further stitched to the
lead frame to form the tail bond, namely the C–L bonding wire. For
the mode shown in Fig. 2(c), a gold ball is first bonded to the lead
frame and then stitched to the top of the chip to form the tail bond,
namely the L–B bonding wire. For themode shown in Fig. 2(d), a single
gold ball is bonded to the top of the chip first, then another gold ball is
first bonded on the lead frame and then stitched to the top of the LED
chip to form the tail bond, namely the BL–C bonding wire.

The experimental setup consists of driving, loading, and measure-
ment modules, shown in Fig. 3. The driving module DC source to guar-
antee that the LEDs operate at a constant driving current of 350 mA.
The loading module applies external pressure to the LEDs through in-
denters positioned at various angles. The measurement modules
Fig. 1. The schematic of vertical structure 3535 LEDs.
comprise a voltage measuring apparatus, a Myadvantech®4711A data
acquisition system, and a force and displacement measuring sensor,
which connect to a computer. In the external pressure setup, the LEDs
are fixed horizontally by clamping to ensure that the wire-loop plane
is initially vertical to the cusp lines of the five prismatic indenters.
Also, the indenters are restricted to move downwards to compress the
LEDs with various loading speeds until the LEDs are extinguished. The
force sensor, which is connected to the indenter, records the corre-
sponding displacement and force. The voltage detection and force de-
tection are synchronized. Additionally, all pressure tests are conducted
with at least three specimens to confirm the accuracy of the results.
It is of course expected that there will be an acceptable error related
to the force sensor in the tests, as well as various sections of no-load
pressure displacement.

It is known that LEDs can be submitted to external pressure by some
applications and in the process of assembling backlight modules. In
order to be able to study the mechanical strength of LEDs with three
different types of bonding wire under external pressure, four indenters
of different angles (30°, 90°, 150°, 180°) and three loading speeds
(0.5 mm/min, 5 mm/min, 10 mm/min) are utilized in the experiments.
Also, the indenter is made of steel, which has a much higher stiffness
than the silicone lens.

3. Results and discussion

3.1. Failure force of LEDs in external pressure tests

During the experiments, a LED failure is defined as appearing when
the LED cannot function normally anymore. The failure forces for LEDs
using the three types of bonding wire that are mentioned in this
paper, under external pressure, are shown in Fig. 4. The results demon-
strate that the LED failure forces increase with loading speed i.e. the
maximal failure forces appear at 10mm/min loading speed. Additionally,
the maximal failure forces of the C–L, L–B, BL–C LEDs are 56.3 N, 33.6 N,
33.7 N, respectively. As the angles of the indenters are increased, the
failure forces of the C–L LEDs keep rising, while the other two types
show a rise in failure forces followed by a decrease with a final increase.
This is further discussed in the following sections.

For the C–L LED, the failure forces under pressure from the 30° and
the 90° indenters are almost the same as the other two types, while
the failure forces for the LEDs are much larger under pressure from
the 150° and the 180° indenters than that of the other two types. For
the L–B LEDs, the failure forces when using the 150° and 180° indenters
are smaller than those under pressure from the 30° and 90° indenters.
Finally, for the BL–C LEDs, the failure forces are slightly smaller than
the forces of the L–B bonding wire under pressure applied with the
150° and 180° indenters.

Fig. 4 also shows that the LED exhibits a higher failure force as the
loading speed rises, which corresponds to the LED sustaining a faster
hit during assembly and application. This is because the faster the load-
ing speed is, the higher the stress response amplitude of the silicone
appears to be. As a result, C–L LEDs have the strongest mechanical
strength. This is the reason why the C–L bonding wire is the dominant
LED packaging technology in the industry. Hence, the following discus-
sions are focused on the applied force response to displacement for LEDs
using the C–L bonding wire.

The behavior of force-displacement for the indenter for C–L LEDs
under external pressure is measured in the experiments, as shown in
Fig. 5. When exposed to external pressure, the lens deforms. In the
case of the 30° and 90° indenters, the pressure force firstly increases
until it reaches a maximum, then drops dramatically, and finally starts
rising again as the LEDs are forced to deform. At the end of the experi-
ments, the silicone lens fractures can be observed in the optical images,
as shown in Fig. 5. The point of fracture is defined by a sudden drop in
force, which agrees with the results of fractures in the skin caused by la-
brum [13]. After a fracture appears, the LED continues to emit light



Fig. 2. Illustrations of LEDs with various bonding wires. (a) Axonometric view of LEDs; (b) profile view of C–L LEDs; (c) profile view of L–B LEDs; (d) profile view of BL–C LEDs.
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normally at 3.2 V. However, the applied force may dramatically drop. It
can be inferred that the LED electrical connections have not been dam-
aged although the silicone lens appears to be cracked. After the forces
drop to a minimum, it keeps rising, while the working voltage dramat-
ically drops to almost 0 V. This is because the steel indenters have finally
made contact with the LED chip, leading to short circuits. Meanwhile,
the failure forces under the indenter with the 30° angle are smaller
than those for the indenterwith the 90° angle. This is because increasing
the angle of the indenter leads to an increase in the distribution area of
the applied force, resulting in lower stress. Furthermore, previous re-
searchhas demonstrated that the fracture force of the viscoelasticmate-
rial increases with the full cross-sectional area of the indenters [14].
Fig. 3. Schematic of the experimental setup.
In the case of the 150° and 180° indenters, the pressure force keeps
rising as the tip displacement increases, which means that the silicone
lens does not crack. However, the electrical connections of the LEDs
are damaged during this process, because their functional voltages
jump to open-circuit voltages, and this is defined as open-circuit failure
of the LEDs. The failure forces in the 180° indenter case are larger than
those in the 150° indenter case; so it can be inferred that the open-
circuit failure is mainly caused by the pressure tangential to the hori-
zontal plane. Meanwhile, the results show that for the same indenter,
the failure force keeps increasing as the loading speeds rise. According
to results, there is a strongpositive correlation between stress and strain
rate. Obviously, when the LEDs are under external pressure, the larger
loading speed results in a larger strain rate. Eventually, this leads to a
larger pressure force. The results conform to the mechanical property
of silicone in the uniaxial compressive test and are confirmed by
Eq. (3). The shortcoming of the experiments is that there are different
sections of no-load pressure displacement. This is the main reason
that there are no clear consequences of displacement when LEDs suffer
failure, even though the forces are highly repeatable.

In summary, it can be stated that there are two main failure modes:
silicone lens fracture when pressure is applied via the 30° or 90° in-
denters and open-circuit failure when pressure is applied via the 150°
or 180° indenters. The silicone lens failure is caused by a severe stress
concentration corresponding to the sharp angle of the indenters. This
is why tweezers are prohibited for delivery of LEDs duringmanufactur-
ing. In industry, open-circuit failure in LEDs always causes confusion for
engineers, and is also the main obstacle to general application of LEDs.
The next section focuses on the open-circuit failure mechanism of LEDs.

3.2. Open-circuit failure analysis

In this section, X-ray and SEM images are used to analyze the open-
circuit failure mechanism of LEDs. The C–L LEDs which suffer failure
were characterized using X-ray imaging. For comparison purposes, the
L–B, BL–C LEDs were also characterized, as shown in Fig. 6.

Notably, all breaks in the bonding wire are near the bonding pad at
the top of the LED chips. Specifically, the fracture positions for the C–L
LEDs are at the neck of the heat-affected zone (HAZ), shown in
Fig. 6(a), while the positions are at the tail bond for the other two



Fig. 4. The failure force of LEDs under pressure (a) C–L LEDs; (b) L–B LEDs; (c) BL–C LEDs.
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types, shown in Fig. 6(b) and (c). The first bond and tail bond are both
points of the bonding wire that have weak mechanical strength. It can
be inferred that the deformation in the pad at the top of the LED is larger
than that in the lead frame. In addition, for the LEDs using a C–L bonding
wire, the HAZ in the bonding wire is near the top of the bonding pad in
the chip. In the HAZ, the main fracture mechanism is the ball bonding;
the electrical induced grain grow and then form equal-diameter grains,
which leads to weakmechanical properties [15]. Thus, in HAZ, the neck,
which is obviously affected by the stress concentration, is more likely to
be the fracture position. To accomplish the formation of the tail bond,
the goldwire deforms plastically and tears away. Mechanical hardening
occurs in the tail bond, resulting in an increase in brittleness and in the
risk of fracture.

To investigate the reason that open-circuit failure occurs when the
LEDs are under pressure from the 150° or 180° indenter but not from
the 30° or 90° indenter, the deformation of the bonding wire and lens
for the same pressure displacement was detected, which is presented
Fig. 5. The experimental pressure force of LEDs for various indenters and loading sp
in Fig. 7. It is clear that the vertical variance of the lens volume (VVLV)
increases as the angle of the indenter increases, the result being that sil-
icone lens experiences greater expansion in the horizontal direction,
since the volume of silicone is almost unchanged under pressure. The
VVLV is larger when the LEDs are under pressure from the 150° or
180° indenter than from the 30° or 90° indenter, which leads the sili-
cone lens to expand dramatically in the horizontal direction, resulting
in a fracture of the bonding wire. However, the lens does not crack as
there is a lower stress concentration in the lens.

To figure out the reason for the differences in failure forces for LEDs
using the three types of bonding wire under external pressure, the
silicone lens is firstly removed by application of a hot lytic agent and
then the fracture positions of the bonding wires are observed through
SEM, as shown in Fig. 8.

Fig. 8(a) presents a necking in the fracture of the C–L bondingwire. It
shows that the slip lineswere close to the bonds and to thewire fracture
[16]. Also, the fracture site is near the columnar grains, because the
eeds (a) 30° indenter; (b) 90° indenter; (c) 150° indenter; (d) 180° indenter.



Fig. 6. The X-ray images of failure LEDs after external pressure tests (a) LEDs with C–L bonding wire; (b) LEDs with L–B bonding wire; (c) LEDs with BL–C bonding wire.
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columnar grains have a higher deformation resistance [17]. Additional-
ly, the direction of the slip lines is tangential to the horizontal plane,
which may indicate that the C–L bonding wire is mainly cut off by
the shear stress. For L–B, BL–C bonding wires, their fractures were
formed along the edge of the bonding spots [18], as shown in the
Fig. 8(b) and (c). Obviously, the orientation of the fractures is not coin-
cident with the vertical plane. Moreover, it is observed that the fracture
site is close to the bonding sitefixedby the bondingpad on the LED chip.
This may indicate that the L–B and BL–C bondingwires weremainly cut
off by the horizontal drag force.

To confirm this inference, the deformation process was detected by
X-ray and the fractures of the C–L bonding wire were focused on
using SEM, as shown as Fig. 9. The X-ray images show that the sweep
does not appear in the bonding wire while the LED is under pressure.
In order to separate the influence of the bonding wire sag and that of
the horizontal drag, Fig. 8(a) shows the bonding wire sag force Fsag
and horizontal drag force Fdrag caused by the deformation of the silicone
lens during the LEDpressurization. Fig. 9(a), (b), (c) present the process,
showing how the bonding wire deforms and eventually fractures while
the LED is under pressure from the 180° indenter. It can be deduced that
the B–L bonding wire appears to be slightly sagging, which is mainly
caused by the sag force Fsag. Notably, the bonding wire around the frac-
ture site dislocates horizontally. The isometric of the fracture site is
shown in Fig. 9(d). The slip plane is almost horizontal and differs from
the slip plane of the fracture caused by the pull test [16]. To summarize,
Fig. 7. The deformation of bonding wire and lens in C–L LEDs during pressuring for variou
a study of the LEDs under pressure from the 180° indenter shows that
the fracture is characterized by a horizontal slip plane caused by the
horizontal force, which is the main reason for the open-circuit failure
mechanism.

Compared to the C–L bonding wires, the sectional areas in the frac-
ture position of the L–B and BL–C bonding wires are much smaller,
which means that severe stress concentration is more likely. Thus, the
failure forces for the LEDs with the L–B and BL–C bonding wires are
much smaller than those of the LEDs with the C–L bonding wire when
the LEDs suffer open-circuit failure under external pressure. In regards
to the silicone lens on the surface of LED chips under external pressure,
the deformation becomes larger as the distance from the surface of the
chip increases. This indicates that the failure forces for L–B LEDs are
slightly higher than those for the BL–C bonding wires. Based on these
findings, we recommend that LEDs using C–L bonding wires should be
in widespread use in industry, and call for more attention in this area
in order to avoid wire fractures in the bond pad on the top of the LED
chip.

4. Conclusions

We have analyzed the mechanical failures of high-power LEDs
through external pressure tests. Although precision may be limited
due to the limited set of test samples, the technique can still serve to
provide guidelines for further research on the deformation process of
s indenters (a) 30° indenter; (b) 90° indenter; (c) 150° indenter; (d) 180° indenter.



Fig. 8. The SEM photographs of fracture observation of three kinds of LEDs (a) C–L LEDs; (b) L–B LEDs; (c) BL–C LEDs.
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silicone lenses and the rigidity of the silicone lens. The failure forces of
LEDs have been discussed and the failuremechanisms analyzed through
use of an optical microscope, X-ray images, and SEM. The main conclu-
sions of these tests are as follows:

1. In the external pressure tests, there are two failure modes: silicone
lens cracks and open-circuit failure. When the LEDs are under pres-
sure from the 30° or 90° indenters, they may suffer from a silicone
lens crack because of the stress concentration, while under pressure
from the 150° or 180° indenters, they may suffer from open-circuit
failure because of a break induced in the bonding wire.

2. The failure forces are almost the samewhen the LEDs suffer a silicone
lens crack. However, the failure forces for LEDswith the C–L bonding
wire are much higher than the failure forces for the other two types
when open-circuit failure occurs. The results show that the LEDswith
the C–L bonding wire have the highest mechanical strength.

3. With respect to the open-circuit failure, the fractures in the bonding
wire were observed by X-ray imaging. For the C–L bonding wire, the
fracture position is within the heat-affected zone, while for the L–B
and BL–C bonding wires, their fracture positions are at the tail bond-
ing. It can be inferred that the bonding pad at the top of the chip
suffers from much larger deformation than the lead frame.

4. For the L–B and the BL–C bonding wires, their fractures are formed
along the edge of thefixedbonding spots. For theC–L LEDs that suffer
from open circuit failure, the bonding wires near the fracture are
Fig. 9.The process of C–L LEDsbeing pressured by180° indenter: (a) the LEDwas just attached b
open-circuit failure; (d) axonometric view of the slip plane at the fracture site.
dislocated horizontally, and a slip plane is also formed horizontally
to the fracture, indicating that the main mechanism of the fracture
is produced by the horizontal drag force applied to the bonding
wire. It can be inferred that open-circuit failure is caused mainly by
the horizontal force.
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