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Abstract: Cracked die is a serious failure mode in the Light
Emitting Diode (LED) industry — affecting LED quality and
long-term reliability performance. In this paper an investi-
gation has been carried out to find the correlation between
severe cracked germanium (Ge) substrate of an aluminum
indium gallium phosphate (AllnGaP) LED and its electro-
optical performance after the Temperature Cycle (TC) test.
The LED dice were indented at several bond forces using a
die bonder. The indented dice were analysed using a Scan-
ning Electron Microscope (SEM). The result showed that
severe cracks were observed at 180 gF onward. As the force
of indentation increases, crack formation also becomes
more severe thus resulting in the chipping of the substrate.
The cracked dies were packaged and the TC test was per-
formed. The results did not show any electro-optical fail-
ure or degradation, even after a 1000 cycle TC test. Sev-
eral mechanically cross-sectioned cracked die LEDs, were
analysed using SEM and found that no crack reached the
active layer. This shows that severely cracked Ge substrate
are able to withstand a -40°C/+100°C TC test up to 1000
cycles and LED optical performance is not affected. A small
leakage current was observed in all of the cracked die LEDs
in comparison to the reference unit. However, this value
is smaller than the product specification and is of no con-
cern.
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1 Introduction

The performance of the Light Emitting Diode (LED) is seri-
ously affected by cracked dies [1]. It is a major concern for
the illumination industry [2]. Cracked dies cause reliability
issues and to a certain extent, to LED failures [3]. Periodi-
cal on-off switching and environmental temperature vari-
ation during LED operation will induce cyclic stress on the
LED. This cyclic stress will start to cause cracks thus lead-
ing to fatigue failure [4]. If the die contains a crack or is
pre-damaged during the LED manufacturing processes it
will easily fail when it undergoes this stress and strain. The
semiconductor process creates such issues. Chen et al. [5]
observed large deep scratches created by the wafer thin-
ning process which significantly affected the strength of
the silicon (Si) die. Cracks at the bottom of die (substrate)
can be caused by the Die Attach (DA) process during the die
pick up from the mylar tape [6], as illustrated in figure 1a
and 1b.

During the die pick up from the mylar tape the ejec-
tor pin pushes the die up while the bond head holds the
die [7]. When the tip of the ejector pin hits the Ge sub-
strate, plastic deformation will form at the imprint area
as illustrated in figure 2. If the bond force exceeds the
strength of the die substrate, it will crack. Cracks at the
bottom of the die are difficult to detect as it is attached
to leadframe with silver phase epoxy glue. It was reported
that during the LED operation thermo-mechanical stress
in the LED will further aggravate the crack, resulting in to-
tal failure of the LED [8-10]. In a related area of research,
Guoguang et al. [11] reported in his paper that LEDs which
failed during operation were found to have large cracks at
the active region.

In view of this issue an investigation was carried out to
find the correlation between cracks at the bottom of the die
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Figure 1: Shows the DA process sequence and details of bond head, chip and ejector pin, (a) illustrate the DA process where the ejector pin
pushes and indents the die [6], (b) shows a detailed view of the bond head, chip and ejector pin as illustrated in green box in figure 1a.

Ejector pin

Figure 2: Ejector pin contact to surface of substrate.

substrate to its electro-optical properties and also to study
the crack formation against the bond force. In this investi-
gation we have reported on the crack formation on Ge sub-
strates that were bonded at die bond forces from 60 gF to
140 gF. The cracks range from minor to major cracks where
the crack lines are very visible under SEM analysis [12].
These die cracked units were subjected to a Power Temper-
ature Cycle Test (PTC) up to 1000 cycles. The results show
no electro-optical failures. A slight increase in reverse cur-
rent (IR) was observed. This increase in IR was not a con-
cern as it is within the product specification limit [12]. The
results from this earlier work were not a satisfactory as
it was not able to correlate the crack severity against the
LED’s electro-optical properties. Hence the present inves-
tigation was carried out. The objective of the present in-
vestigation is the same as the previous work. However, the
present work uses extreme bond forces to ensure severe
cracks at the die substrate are formed that may potentially
affect the electro-optical properties of the LEDs.

2 Experimental Methodology

The experimental methodology is illustrated in figure 3.
The AlInGaP die samples were taken from electrically char-
acterized wafers. The Ge substrate is a single crystal Ge,
having a face-centered-cubic (FCC) diamond lattice with
(111) cleavage plane [13]. These dice were serialized on my-
lar carrier tape for traceability purpose. DA equipment was
used to create cracks at the LED substrate. The force acting
on the substrate through the ejector pin can be controlled
by the DA machine. To ensure that the force acting on sub-
strate is accurate the DA machine has to be set up correctly.
Once the DA equipment was set up and the ejector pin and
bond head were checked for alignment, the Keyence bond
force tester was then installed on the bonder to check the
force. Several trials were carried out to check indentation
force consistency. Final confirmation of the force consis-
tency was carried out using a hand held bond-force tester -
Correx Tension Gauge [14]. This was to confirm the Keyence
bond-force tester measured accuracy before starting the
experiment.

The experiment was conducted at room temperature.
The ejector pin tip was semi-spherical in shape as illus-
trated in figure 2. This ejector pin was a standard ejector
pin supplied for the LED industry by Micro-mechanics [15].
The ejector pin tip radius, R, for this research was 25 pm.
This is widely used for small die size at 300 pm by 300 pm.

The experiment commenced with a force of 180 gF and
continued with 190gf, 200 gf and 210gf, respectively. At an
indentation force greater than 210 gF the dies completely
disintegrated, hence it was not possible to proceed fur-
ther above this force. Each cell consisted of 120 dice. In-
dented dice were segregated using different Mylar to avoid
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Figure 4: SEM analysis on indented die before TC test, (a) 180gF bond force, (b) 190gF bond force, (c) 200gF bond force, (d) 210gF bond

force.

mixing. The indented dice were packaged on a stable LED
package and an electro-optical test was performed to seg-
regate good and bad parts. All the cells passed the elec-
trical and optical test with a 100% success rate. These
units were mounted on PCB boards and sent for a Tem-
perature Cycle (TC) test in accordance with Jedec standard
— JESD22104D [16]. Here these PCB boards were placed in
a TC chamber in a position with respect to the air stream
such that there was no obstruction to the flow of air across

and around each PCB. The temperature that the PCB was
exposed to was in the range of -40°C to +100°C in a cy-
cle of 15 minutes between each temperature. The electro-
optical properties of the LEDs were measured using an In-
strument System’s Compact Array Spectrometer (CAS) LED
tester at certain intervals [17]. After completion of the TC
test, several LEDs were electrically analysed using Hewlett
Packard (HP) curve tracer. Some LEDs were mechanically
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cross-sectioned to check the die crack formation using a
Hitachi, Scanning Electron Microscopic (SEM).

3 Results

3.1 Crack Formation Analysis

The SEM results of cracked dies before TC are illustrated in
figure 4. At an indentation force of 180 gF, as illustrated
in figure 4a, the ejector pin imprint was clearly embed-
ded in the backside of the die (Ge substrate). Major crack-
lines were visible even at low magnification scope. Ma-
terial pile-ups were seen on the surrounding area of the
ejector pin mark. At 190 gF, as illustrated in figure 4b, a
small chunk of Ge substrate was found to be missing. Ma-
jor crack-lines and material pile-ups were also visible. The
topology of the missing material area is at a certain angle
as it follows the diamond lattice structure of Ge (111) cleav-
age plane. At 200 gF, more material chipped off similar to
a half circle shape. The missing material topology at the
substrate was fairly similar to that observed in the 190 gF
indented die. At 210 gF a lot more material chipped away
and formed a circular shape. At any bond force greater
than 210 gF, the die totally disintegrated. This Ge substrate
could not tolerate forces beyond 210 gF.

3.2 TC test Result and Impact of Cracked Ge
substrate to LED electro-optical
performance

Many researchers have reported that cracked die degrades
the LED electro-optical properties and can cause serious
electrical failure [4, 18]. Shalesh et al., [19] explained that
even an ordinary LED can fail due to cracks in the active
area when subjected to a stress test. It can be clearly seen
that stress can cause LED failure. In our previous work we
purposely created cracks on the Ge substrate of AllnGaP
die and stressed them in PCT test. The findings showed
no significant impact to the LED electro-optical proper-
ties [12]. However, this test did not meet the investigation
objective. In this present work we purposely created severe
cracks on the Ge substrate of the LED using very high die
bond forces and stressed it in TC tests to see the impact on
the LED electro-optical performance.

The TC test results of this investigation showed an un-
expected result. The electro-optical performance of all the
cells remained stable throughout the TC test. No major
change was observed after 1000 cycles of the TC test. The
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LED forward voltage (Vf) as illustrated in figure 5a and b
shows all cells were stable to within a 0.1% difference of
measured values at O cycle and 1000 cycles TC. The Vf uni-
formity within the 180 gF and 210 gF cells was on aver-
age at 2.113 V with 0.001 V standard-deviation (STD) and
2.115 V with 0.005 STD, respectively. This is perfectly nor-
mal and within the product specification and tester mea-
surement tolerance range [20, 21].

The brightness intensity after TC test, as illustrated
in figure 5c and 5d, changes less than 1% for all cells.
This is also within the testing tolerance of the test equip-
ment [17]. The unit brightness uniformity within the 180 gF
and 210 gF cells was on average at 3.142 cd with 0.034 cd
STD and 3.113 cd with 0.066 cd STD, respectively. This
means the brightness uniformity represent 1.1% and 2.1%
respectively. To further understand if this variation was
truly impacted by the crack severity, a comparison was
made with fresh units that had no cracks. Figure 5e illus-
trates the brightness of 100 units that had no cracks that
came from the same wafer batch that was used for this
evaluation. The brightness uniformity within this cell was
on average 3.109 cd with 0.056 cd STD, representing 1.80%
uniformity. The brightness uniformity of the cell without
cracks is in between cells 180 gF and 210 gF.

The other cells (190 gF and 200 gF) showed the same
result, they are not elaborated further in this paper.

4 Discussion

4.1 Bond Force and Crack Formation

To understand this cracked die phenomenon, one has to
understand the fundamentals of crack formation and the
mechanics of the material. Crack formation is due to the
fact that stress acting on the atomic bond exceeds the inter-
atomic bond strength [22]. High stress is required to break a
Ge inter-atomic bond [23]. The stress at which these bonds
rupture takes place is also called ideal strength, (§) and is
described in equation (1) [24]:

6§ ~E/15 )

Here E is the Young Modulus Elasticity of Ge;
103 GPa [13]. The ideal strength of Ge was calculated us-
ing equation (1), which was roughly 6.87 GPa, while the
stress applied to the Ge substrate through the ejector pin
at 180 gF bond force was about 22.5 GPa. This was calcu-
lated using equation 2 derived from Hertz contact mechan-
ics [7, 25], where a = 5 um (measured value). F is the in-
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Figure 5: Electro-optical performance of the indented die after TC test, (a) 180gF indented die forward voltage (V) after TC test, (b) 210gF die
forward voltage (V) after TC test, (c) 180gF indented die brightness (cd) after TC test, (d) 210gF indented die brightness (cd) after TC test, (e)

LED brightness die without crack before TC test.

dentation force (180 gF).
o = F/na® )]

a, is the ejector pin spherical surface contact length. Note
that a, follows Hertzian contact analysis, and is restricted
to condition that the depth of penetration is small relative
to the radius of the sphere of the ejector pin tip [23, 25, 26].

By comparing the ideal strength of Ge (6.87 GPa) and
the stress induced by the ejector pin at 180 gF (22.5 GPa)

it can clearly be seen why the crack occurs, the ejector
pin stress is far greater than the ideal strength of Ge. At
22.5 GPa, stress from the ejector pin overcame the inter-
atomic forces in the Ge substrate. Separation occurred
when stress applied to the Ge substrate was sufficient to
exceed the maximum force per bond. As a result, fracture
was bound to occur [27].
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Figure 6: Cross-section view of the units after TC test showing
cracks. (a) Cross-section view showing active layer of die and crack
formation. (b) Detail view of cracks at the bottom of die substrate.

4.2 Impact of cracked Ge substrate to LED
electro-optical performance

The results from the TC test as illustrated in figure 5a to 5d
clearly show the cracked die have small changes in Vf and
brightness at 0 cycle compared to 1000 cycles. These small
changes can be due to the external influences i.e. ambient
temperature and precise mechanical set-up. They are not a
concern as they are within the testing tolerance and prod-
uct specification [17, 21].

On the other hand, there was some non-uniformity ob-
served in the brightness intensity within the cells. Cells
180 gF and 210 gF have 1.1% uniformity and 2.1% unifor-
mity respectively. The control cell has uniformity at 1.8%.
If the control cell already has a uniformity of 1.8% it shows
that this variability in uniformity is not a die crack issue
but instead could be another issue. One potential reason
could be the dice itself. In this investigation the dice were
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taken randomly from one wafer and it is well known that
the dice within one wafer can have some brightness varia-
tion [28]. The center and outer values of wafer brightness
intensity are different and can have up to 3.9% variation
as reported by Mike Cooke. Hence, it is highly suspected
this variation most likely comes from die selection from the
wafer and since these dice were not sorted optically this
variation is expected.

This result opens up the question as to why these
dice were not significantly affected by a cracked substrate.
To understand this, the LEDs were mechanically cross-
sectioned and analysed using SEM.

The cross-section finding shows as illustrated in fig-
ure 6, that the crack at the bottom of the die did not propa-
gate further to the active layer (epitaxial). It is well under-
stood that as long as the active region is not affected, LED
performance will be not be affected [29-31]. This means,
the crack did not propagate further because the stress cre-
ated by the TC test was lower than the Ideal strength of Ge.
The stress the die undergoes during the TC test can be cal-
culated using equation (3), as shown below [9].

0 = Ea(T - -Tref) 3)

E is the modulus elastic, a is the coefficient of ther-
mal expansion (CTE), T is temperature and Ty is the room
temperature.

The dice in these LEDs were glued on the leadframe
using a silver filled glue. This glue helps to bind the dice to
the leadframe. When the temperature was raised to 100°C,
the Ge substrate and glue expanded together. The glue that
binds the die, expends more then the Ge substrate because
the CTE (a) of the glue is larger then Ge. Hence, this glue
gives a certain amount of pull force at the die when the
glue expends. When the temperature is below zero, the Ge
substrate and glue contract and cause the die to compress.
In total, the stress induced by the TC test was the cummu-
lative stress of the Ge and silver glue.

When modulus elastic, E of Ge was 103 GPa [13], CTE,
a of Ge is 5.9 ppm [11], modulus elastic E of silver filled glue
was 6.4 GPa [32], CTE, a of silver glue was 30 ppm [32],
T was 100°C (max TC temperature) and T,,; was at 25°C
(room temperature), the normal stress induced on the die,
o was 60.0 MPa. The TC temperature and reference tem-
perature was taken from the jedec standard [16]. However,
when the T is -40°C (lower limit ambient temperature
in the TC test), the CTE (a) of the glue is 30 ppm (below
Tg) [32]. Hence, the total compression stress is —-52 MPa.

Based on equation (3), the maximum normal stress
created by the TC test, g, is 60.0 MPa, while the ideal
strength of the Ge substrate is 6.87 GPa. It is obvious that
the Ideal strength of Ge is far greater than the stress created
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by the TC test. Hence, the stress from the TC test is not able
to further propagate the crack in the severely cracked die.
As a result, the cracks did not propagate, the active layer
was not affected and the LED performance after the TC test
(1000 cycles), remained the same.

4.3 Failure Analysis of Indented Chips
before and after TC test

Some of the units from the different bond forces, before
and after the TC test, were analyzed using an HP curve
tracer for their reverse bias characteristic.

The result clearly shows that in every unit with a
cracked die small leakage current was observed compared
to the reference unit (without a crack). This could be seen
in both units before and after the TC test, as illustrated in
figure 7a and 7b.

This finding clearly shows that severely cracked dice
at the Ge substrate have a small increase in leakage cur-
rent. Even though the leakage is insignificant compared to
product specification it is worth discussing from a techni-
cal point of view. The increase in reverse current may have
come from a defect on the active layer. The stress induced
on the die during the indentation process may have an af-
fect on the active layer that probably causes small defects.
A similar phenomena was reported by Wang et al. in their
investigation on leakage current of an LED [33]. Their find-
ing confirms that damage to an LED increases the number
of defects and leads to a leakage current pathway in the
active layer. This is quite similar to this current investiga-
tion where high stress was induced on the dice. This stress
may have caused some damange in the active layer. How-
ever, the leakage current increase observed in this present
investigation is too small and poses no risk. In fact, it is
smaller than the product specification value [20].

5 Conclusion

It can be observed from this present work that severe
cracks occurred at the Ge substrate when it was subjected
to a bond force of 180 gF and greater. The die substrate
can only tolerate a bond force of up to 210 gF as any force
greater than 210gF means that the die is totally disinte-
grated. These cracked die were subjected to a TC test and
the results were rather unexpected as the cells did not de-
grade at all. Even the worst cracked die showed no electro-
optical performance degradation. This result is the same
as in our prior work on less severely cracked dice. Due
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Figure 7: Reverse characteristic of units before and after the TC test.
(a) leakage current of die indented with different bond force before
the TC test. (b) leakage current of die indented with different bond
force after the TC test.

to the fact that the cross-section of the dice revealed the
cracks are still far away from the active layer they do not
affect the electro-optical properties of the LED. This inves-
tigation certainly proved that the Ge substrate with a lat-
tice (111) cleavage plane was tough. It is able to tolerate
the TC stress for up to 1000 cycles and prevented cracks at
the bottom of the substrate propagating further. Small cur-
rent leakage was observed in all the cracked die units com-
pared to the reference units (without cracks). However, the
leakage current value was small compared to the specifica-
tion value and as a result there were no major concerns.

The findings from this investigation certainly chal-
lenge the current wisdom that a cracked substrate of an
AllnGaP LED is a high risk and may harm LED perfor-
mance. However, further investigations on tolerance lev-
els beyond a 1000 cycle TC test would yield very valuable
information.
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