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Abstract Thin 50-pm silicon wafers are used to improve
heat dissipation of chips with high power densities. How-
ever, mechanical dicing methods cause chipping at the edges
of the separated dies that reduce the mechanical stability.
Thermal load changes may then lead to sudden chip failure.
Recent investigations showed that the mechanical stability
of the cut chips could be increased using ultrashort-pulsed
lasers, but only at the laser entrance (front) side and not
at the exit (back) side. The goal of this study was to find
strategies to improve both front- and backside breaking
strength of chips that were cut out of an 8" wafer with power
metallization using an ultrafast laser. In a first experiment,
chips were cut by scanning the laser beam in single lines
across the wafer using varying fluencies and scan speeds.
Three-point bending tests of the cut chips were performed to
measure front and backside breaking strengths. The results
showed that the breaking strength of both sides increased
with decreasing accumulated fluence per scan. Maximum
breaking strengths of about 1100 MPa were achieved at the
front side, but only below 600 MPa were measured for the
backside. A second experiment was carried out to optimize
the backside breaking strength. Here, parallel line scans to
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increase the distance between separated dies and step cuts
to minimize the effect of decreasing fluence during scrib-
ing were performed. Bending tests revealed that breaking
strengths of about 1100 MPa could be achieved also on the
backside using the step cut. A reason for the superior perfor-
mance could be found by calculating the fluence absorbed
by the sidewalls. The calculations suggested that an optimal
fluence level to minimize thermal side effects and periodic
surface structures was achieved due to the step cut. Remark-
ably, the best breaking strengths values achieved in this
study were even higher than the values obtained on state of
the art ns-laser and mechanical dicing machines. This is the
first study to the knowledge of the authors, which demon-
strates that ultrafast-laser dicing improves the mechanical
stability of thin silicon chips.

1 Introduction

Miniaturization and performance enhancement of consumer
electronic products drive the development of new emerg-
ing chip fabrication technologies. Thinned silicon wafers
with thicknesses of about 50 um enable higher packaging
densities for three-dimensional (3D) silicon integration
and reduce the heat resistance to improve heat dissipation
for increasingly powerful chips [1, 2]. Moreover, thinning
increases the mechanical flexibility of the wafers, which
enables the utilization of thin silicon wafers for bendable
and flexible devices [3, 4]. However, the reduction of the
wafer thickness causes new problems for established dicing
methods.

Mechanical dicing becomes more challenging because
the diamond blades of the saw cannot resharpen themselves
at the thin wafer edges in the range of 100 pm or less [5].
Moreover, mechanical dicing causes chippings at the edges
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[6, 7] that reduce the mechanical stability of the chip. Ther-
mal load changes may then lead to sudden chip failure [8].
The fracture strength of a mechanically diced wafer with a
thickness of 50 pm is about 666 MPa [6]. Since laser dic-
ing is a contact-free method, chippings at the edges can be
avoided. Consequently, the challenges for laser dicing are
to improve the mechanical stability of the cut chips and to
achieve the cutting speed of a wafer saw, which is in the
order of 100 mm/s [9].

The highest edge quality provide laser dicing methods
based on thermal stress generation [10, 11] or stealth dicing
[12]. In both cases, wavelength, pulse duration, and focus-
ing conditions are typically chosen such that the absorption
takes place mainly inside the volume of the wafer [10, 13].
In the first example, the laser acts as volume heat source that
generates a stress field which causes the wafer to crack [10,
11]. In the case of stealth dicing [12, 13], pulsed laser light is
focused tightly below the surface to generate a defect inside
the volume. To separate the dies, the crack or the defects can
be guided by translating the beam across the wafer. In this
way, breaking strengths of above 1100 MPa were achieved
for separating wafers with a thickness of 220 pm [10].
Unfortunately, these methods have the following limitations.
The laser tracks must be free from front-side metallization
to avoid absorption at the surface. Backside metallization
may hold the chips together after laser processing. Scratches
at the rough backside, which originate from grinding, may
change crack direction or cause additional paths. To over-
come these limitations, a full cut is the only solution.

One of the main factors influencing cutting quality is
the pulse duration of the laser source. If the pulse duration
is reduced down to the fs-regime, the thermal penetration
depth becomes equal to the optical penetration depth, and
thermal side effects reduce to a minimum [14]. Because the
mechanical stability of laser-cut dies is related to the size of
the heat-affected zone [15], it can be also improved by reduc-
ing the pulse duration, which was already demonstrated in
several bending test experiments [8, 10, 15]. Remarkably,
the breaking strengths of ps- of fs-laser-cut chips are very
high at the laser entrance side [10, 15], even higher than
those of mechanically diced chips [10], but about a factor of
two lower at the laser exit side [10]. This could be related
to the following phenomena. Self-organizing periodic holes
arise during scribing of Si [16, 17], which cause periodic
kerfs at the lower sidewalls and backside after cutting the
chips. The kerfs act as stress concentrators, which reduces
the breaking strength of the chip backside [6, 8, 18]. The
major challenge for ultrashort pulse laser dicing is to find
the right parameters, which inhibit these kerfs and increase
the mechanical stability of the cut chips at the laser exit side.

In this study, the influence of fluence, scan speed, and
number of scans on the front and backside strength was
investigated, different strategies to improve the backside
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strength were tested, and the best results were compared to
ns-laser and mechanically diced wafers. To the knowledge
of the authors, this is the first study that demonstrates that
fs-laser-dicing improves the breaking strength on the front
and backside of chips compared to mechanical dicing.

2 Materials and methods

The laser dicing experiments were carried out on metallized
8" Si wafers mounted on a polymer dicing tape. The layer
stack from bottom to top consisted of backside metalliza-
tion (=600 nm), Si (= 60 um), frontside power metallization
(~5 um), and a water-soluble protective film (HogoMax,
Disco). The chips had a width of wa3 mm and a length of
b~4 mm.

The absorption of silicon increases towards shorter wave-
lengths and due to non-linear absorption processes also
towards shorter pulse durations. Regarding the wavelength,
UV-laser light is absorbed most efficiently, but such systems
are also more expensive, have higher conversion losses and
thus lower powers, and are more prone to degradation. For
these reasons, the laser wavelength was selected such that
the photon energy was at least higher than the band gap of
silicon to enable direct absorption. Ti: sapphire lasers fulfill
this criteria and provide also the shortest pulse durations.
However, these lasers typically emit pulses with energies of
several 100 wJ, but only at frequencies of a few kHz. To min-
imize the width of the dicing lines, the focus radius should
be in the order of 10 um. Thus, lower pulse energies are suf-
ficient to achieve optimal fluences for efficient ablation, and
higher pulse frequencies are favored for higher throughput.
For this reason, an ultrafast laser (Spirit, Spectra-Physics,
Rankweil, Austria) with the following specifications was
selected for this study. The pulse duration was about 380 fs
(FWHM). The laser could be operated at a wavelength of
A =1040 nm or 4 = 520 nm. Because of the direct absorp-
tion of silicon at the latter wavelength, all experiments in
this study were carried out at A = 520 nm. The laser source
could be operated at a pulse frequency between 200 kHz
and 1 MHz. All experiments were carried out using a pulse
repetition rate of f,., = 200 kHz, because the laser system
provided maximum pulse energy and power at this pulse
frequency. The maximum power and pulse energy available
behind the focusing optics were measured to be P=1.6 W
and E=8 pJ, respectively. The pulse energy was controlled
using the integrated attenuator. The laser source was inte-
grated in a laser processing machine (microSTRUCT vario,
3D-Micromac, Chemnitz, Germany). A galvanometer scan-
ner was used to scan the laser beam with the speed v,
across the sample. The focusing optic was a telecentric
f-theta lens with a focal length of 100 mm. Thus, a scan
field size of 60 x 60 mm? was available. The focus radius
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was determined to be wy,~ 6 um according to Liu [19]; the
Rayleigh length resulted to be about 200 pm. This configu-
ration seemed to be a good compromise between minimal
kerf widths and practicable focal depth. The polarization of
the laser beam was oriented perpendicular to the scan direc-
tion for cutting the sides being bended in the bending test
experiments, because numerous studies have already dem-
onstrated that cuts become straighter and the surface quality
of the sidewalls is higher under this condition [16, 20, 21].
It should be noted that the orientation of the polarization
with respect to the scan direction changed as the chips were
cut in the other two directions. However, since their cutting
quality does not influence the bending test experiments, the
orientation of the polarization was left unchanged.

In the first experiment of this study, the influence of flu-
ence, pulse distance, and number of scans on the cutting
quality was investigated. Thereby, it has to be taken into
account that the fluence changes with the cutting depth,
while the cutting quality depends on the fluence. During the
first scan, the irradiated area is plane and the absorbed peak
fluence F,, can be calculated as:

2E
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where F|, is the peak fluence of the Gaussian beam profile
and A, = 0.63 is the absorption of plane Si at a wavelength
of 520 nm [22]. The formation of ever-steeper sidewalls dur-
ing scribing increases continuously the irradiated area and
the angle of incidence. The projected area on the sidewalls
becomes elliptic and the absorbed fluence on the sidewall
F,, decreases. The length of the cut sidewall w,, which corre-
sponds to the large axis of the projected ellipse, can be esti-
mated in terms of the beam radius w,, and the cutting depth
d using the Pythagorean theorem [17]. Besides, the steep
sidewalls guide and trap reflected light inside the trench and
thus increase absorption continuously up to A, = 1. Abla-
tion stops when the absorbed fluence on the sidewall F g
reaches the ablation threshold fluence Fy, [5, 17, 23, 24].
The ablation threshold fluence F, is defined the minimum
energy density to initiate material removal. The absorbed
fluence on the sidewall as function of the cutting depth can
be estimated as:
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Recent investigations showed that the surface rough-
ness depends strongly on the applied fluence [25]. Low
fluences enhance the formation of laser-induced periodic
surface structures (LIPSS) and high fluences increase melt
ejections [26]. The optimal peak fluence for the ablation of

plane silicon is located in the middle of these two regimes
at about F=2.8 J/cm? [25]. Inserting this value in Eq. (1)
yields that the absorbed peak fluence should be F,, = 1.8 J/
cm?. The peak fluence F,, that yields to an optimal fluence
on the sidewall of a cut with the depth d can be calculated
by solving Eq. (2) for F;, and inserting F,,, = F,, = 1.8 J/em?,
This calculation suggests that F, should be set to 14.9 J/em?
to cut a wafer with a depth of 50 um. In this study, the focus
radius was fixed to wy=6 um. The fluence was varied by
changing pulse energy. A maximum fluence of Fy=14.2J/
cm? was available, which is very close to the “optimal flu-
ence”, while a fluence of about 6 J/cm? was just sufficient
to completely cut the wafer. Thus, the fluence was varied
between these values.

The pulse distance is another factor influencing the cut-
ting quality. It should be large enough to avoid thermal
heating and directed material ejections in the trench [17],
but small enough to ablate a closed line when the beam
is translated across the sample. Recent studies on surface
ablation demonstrated that the highest ablation quality can
be achieved if the ratio between the pulse distance and the
focus radius is set to d,/ Wy = veean/ (repwo) & 127, 28].
This criterion could be fulfilled with the present setup at a
scan speed of v, = 1200 mm/s. The scan speed was varied
around this optimal value between 100 and 2000 mm/s.

More precisely, the breaking strength is proportional to
the quotient of the average fluence F and the pulse distance
dp [15]. Thus, the wafers were also scribed in this study
using different combinations of pulse energies and scan
speeds, and the breaking strength was evaluated as function
of the average accumulated fluence per scan, which calcu-
lates to:

2W0 E ZWOf;'ep 2Efrep
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The number of scans determines the cutting depth and
also influences the breaking strength [18]. If the number
of scans is too small, the wafer is only perforated [18, 20].
However, if it is larger than necessary to separate the wafer,
the sidewalls can be polished and the breaking strength of
the backside increases [18]. In the present study, the maxi-
mum number of scans was selected such that the wafers were
cut completely but the dicing tape below was still holding
together. This made handling and shipping of the wafers
much easier, but the selected numbers of scans might not
have been optimal.

In a second experiment, different scanning strategies
were used to optimize the backside breaking strength.
Instead of the standard single line cut used in the first
experiment, parallel lines were scanned and a step cut was
generated. These principles are sketched in Fig. la—c. The
parallel line cut was machined by scanning the beam in
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(a) (b) (0

parallel line
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Fig.1 Laser dicing strategies. Single line cuts (a) were generated
in the first and parallel line cuts (b) and step cuts (c¢) in the second
experiment. The green curves represent the intensity distribution of
the beams and the black lines the cross section of the resulting cut.
d 4x247 Chips were cut out of an 8” wafer. The laser beam was
scanned N times with the speed v, across the sample. The polari-
zation was oriented perpendicular to the scan direction in horizontal
direction

ten parallel lines with a distance of 5 um across the sam-
ple. This scan procedure was repeated until the wafer was
cut completely. The idea of this strategy was to generate
wider trenches to make picking easier, to minimize the
risk of remaining bridges in the cut, to change the mate-
rial ejection conditions, and to change the reflections and
interference conditions. The idea of the step cut was to
thin the waver to half its thickness within a wide groove,
and to separate the lower half by a thinner cut to minimize
the effect of decreasing fluence inside a deep trench. The
first step was generated by translating the beam with a
scan speed of v=1 m/s in L="7 parallel lines and N=35
repetitions across the wafer. The fluence was set to 7 J/
cm?. The second cut was generated using L=1 or L=3
lines, scan speeds between v =100 m/s and v= 1000 m/s,
and fluences between 3.5 and 14.2 J/cm?. The number of
repetitions N was adjusted in the same way as in the first
experiment. In this way, the step was located in the neutral
axis of the wafer, which means that it had no influence on
the bending test experiments. Moreover, the lower half of
the wafer can be regarded as a separate 30 um thin wafer.
This has the following consequences. The remaining half
of the wafer can be cut with less pulse energy, because the
cutting depth scales with the pulse energy [17]. In addi-
tion, the ratio between spot radius w,, and wafer thickness d
changes, and thus the ratio between the absorbed fluences
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on the plain surface at the first scan F,;, and on the sidewall
at the final scan F, decreases.

The chips for mechanical testing were prepared by divid-
ing a wafer in four quadrants and cutting a matrix of 13x 19
chips per quadrant and parameter set (see Fig. 1d). In this
way, a safety distance of about 5 mm to the edges of the
maximum scan field size was maintained to ensure homo-
geneous energy distribution in the processed area. The cut
chips were picked always in the same order by starting from
one of the corners and removing them line by line. In this
way, chip location-dependent effects should have similar
contribution to the statistic in the bending-test experiments.
It should be mentioned here that influences of the chip loca-
tion were not recognized in the bending test results. Due to
the small chip size, special care had to be taken during pick-
ing and placing the chips. Picking was particularly difficult
because the chips had to be separated from the dicing tape. If
the polymer tape was not cut, the chips were lifted from the
tape with a small knife. Special care was taken that the knife
edge did not touch the sides being bended during mechanical
testing. For this purpose, chips were only picked from every
second line and the chips in between were sacrificed. In the
case that the polymer tape stuck to the backside of the chip,
it was peeled off carefully with the finger nail. The chips
were then placed by hand in a bending test machine.

A custom build three-point bending test setup was used in
this study. This is a common method to test the mechanical
strength of separated dies, and has thus already been used
in several studies [6, 8, 10, 18, 29-31]. The test procedure
was as follows: chips were placed on two supports with a
distance of L=2 mm, a loading edge was lowered from the
top until the chip was broken, and the breaking force F}, was
measured. The flexural stress at break is:

C3RL
o = Spn2

(MPa), “)

where b and h are the length and height of the sample,
respectively. The bending test causes compressive stress at
the load side and tensile stress at the support side. Because
breaking of the chips is rather caused by tensile than by
compressive stress, the back or front-side strength can be
tested by placing the chips with the laser exit (Fig. 2a) or
entrance side (Fig. 2b) on the two supports, respectively.
The breaking strength of 30 chips was measured for each
orientation, and the arithmetic mean and standard deviation
was calculated. The bending tests were performed at room
temperature.

3 Results

In the first experiment, wafers were separated using
the single line cut and different combinations of pulse



Ultrafast-laser dicing of thin silicon wafers: strategies to improve front- and backside...

Page 50f 8 746

(a) F b F
h
b
L
< W >
back side strength front side strength

Fig. 2 Mechanical testing of the cut chips. The backside (a) and
front-side strength (b) of the cut chips were measured using a three-
point bending test setup. The distance between the two supports at the
bottom was L =2 mm. The force F was applied from the top. The chip
dimensions were 4~ 60 um, w3 mm, b~4 mm

energies, scan speeds, and numbers of scans. The front-
and back-side strength of the cut chips are measured and
plotted as function of the average accumulated fluence per
scan in Fig. 3.

The results showed that the front-side breaking strength
decreased with increasing accumulated fluence per scan. It
was also observed that both higher scan speeds and lower
pulse energies lead to higher breaking strengths. These find-
ings are in well agreement with the results achieved by Finn
etal. [15].

Regarding the back-side breaking strength, the trend of
fitted curve indicates that the accumulated fluence per scan
has also a slight influence on the mechanical stability. How-
ever, the level of the backside breaking strength was signifi-
cantly lower than the front-side breaking strength. It dropped
from about 1000 MPa to only 400 MPa. The variation of
pulse energy, number of scans and scan speed showed no
significant improvement of the backside breaking strength.
Consequently, if it is possible to improve the breaking
strength, there must be other or additional parameters taken
into consideration to improve the situation.

In a second experiment, the wafers were cut by scribing
parallel lines and by applying the step cut to improve the
backside breaking strength. Besides, the pulse energy and
the number of scan N were varied. The backside breaking
strength was measured and plotted as function of the peak
fluence F in Fig. 4. For comparison, the best results using
single line cuts with a fluence of F,=38 J/cm?, which was the
minimum fluence to cut the wafer, and the maximum fluence
available of F,=14.2 J/cm? were plotted in the graph.

The parallel line cuts were performed using different
combinations of pulse energies and numbers of scans.
However, it was not possible to achieve breaking strengths
higher than 600 MPa. These findings indicate that widen-
ing of the trench does not improve the backside breaking
strength significantly.
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Fig. 3 Front (black squares) and back-side (red dots) breaking
strength as function of the accumulated fluence per scan. The straight
lines represent least square linear fits to the data points

Remarkably, the breaking strength increased significantly
as the step cut strategy was used. The maximum breaking
strength of about 1187 MPa was achieved when the fluence
was set to Fy=4 J/cm?. At lower fluences, the wafer was only
perforated and the breaking strength dropped to 500 MPa.
The lower step was cut also by scanning a single line instead
of three parallel lines, but the breaking strength remained on
the same level (compare green and blue triangle at about 7 J/
cm? in Fig. 4). These results demonstrate that the mechani-
cal strength of the front- and backside of fs-laser cut silicon
wafers can be on the same high level. Besides fluence, scan
speed, and number of scans, the choice of the right scan
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Fig. 4 Mean backside breaking strength using different cutting strat-
egies
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strategy plays a crucial role in laser dicing. In particular,
the ratio between the beam radius and the wafer thickness
could be important.

The best results achieved for the front-side (left diagram)
and backside (right diagram) breaking strength using fs-
laser dicing were compared to results achieved by mechani-
cal and ns-laser dicing on state-of-the-art dicing machines
with already optimized parameter settings. The breaking
strength of the chips is plotted as Weibull distributions in
Fig. 5. The average values of the frontside breaking strengths
shown in the left diagram were 931+ 110, 390 + 56, and
1129 + 98 MPa for the fs-laser, ns-laser, and mechanically
diced chips, respectively. The average values of the back-
side breaking strengths shown in the right diagram were
968 +235, 781 + 173, and 1105 +210 MPa, respectively.
This comparison revealed that both the highest front and
the highest backside breaking strength could be achieved
using the fs-laser. The ns-laser showed in both cases the
worst performance. Moreover, the slope of the fs-laser diced
chips is the steepest, indicating that the reliability could be
improved compared to mechanical dicing, which is also an
important property for industrial manufacturing.

4 Discussion

The aim of this study was to find strategies to improve the
breaking strength of ultrafast laser-cut thin silicon wafers at
both the laser entrance and exit side. The results suggest that
the ultrafast laser has the potential to outperform the wafer
saw if the right combinations of laser parameters are chosen.

Regarding the mechanical stability of the cut dies at the
laser entrance side, the maximum average die breaking

99,9 4
99

90 ~

50

Weibull Percentiles

fs-laser
® ns-laser
14 wafer saw

T T T T L L L B AL L B
250 500 750 1000 1250 1500
Frontside breaking strength [MPa]

strength was measured to be in the order of 1100 MPa in
this study. The results suggest that the key to improve the
cutting quality is to minimize the accumulated fluence per
scan. This finding is in well agreement with the result of
Finn et al. [15]. Surprisingly, the highest breaking strength
values measured in this study are even slightly higher than
the best results presented by Finn et al. [15], although they
used a laser system with a shorter wavelength of 355 nm.
Because the optical penetration depth in Si is shorter at
355 nm than at 520 nm, the heat-affected zone should be
smaller and thus the breaking strength higher. Since the
opposite was observed, a possible explanation could be that
the absolute breaking strength may also depend on the setup
with which it was measured. Nevertheless, the fact that the
breaking strength using 520 and 355 nm is on the same level
leads to the question, if cutting with a UV-laser is neces-
sary. Future experiments should be carried out if the cutting
quality really benefits from the higher conversion losses and
higher costs of UV-lasers.

A similar relation between accumulated fluence per
scan and breaking strength could be also observed for
the backside. However, the level of the average backside
breaking strength was typically in the order of about
400 MPa, which is more than a factor of two lower than
the front-side breaking strength. These findings are in
well agreement with the results of Haupt et al. [10].
Remarkably, the step cut increased the average breaking
strength to above 1100 MPa, which is at the same level
as the best results for the front-side breaking strength.
This leads to the question why the step cut led to such an
enormous improvement. Therefore, the geometry of the
cuts has to be considered. The step cut was a wide trench
reducing the thickness to about d =30 pm, followed by a

99,9 1
99| ™ fs-laser
® ns-laser
90 wafer saw
3
= 504
c
[}
o
[}
o
E 10
o
= 57
1 4
T T T — 1T T T T T e
250 500 750 1000 1250 1500

Backside breaking strength [MPa]

Fig. 5 Weibull distributions of the front-side (left diagram) and backside (right diagram) breaking strength achieved with fs-laser, ns-laser, and
mechanical (wafer saw) dicing. The data points for fs-laser dicing belong to the best results achieved in this study
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smaller cut in the thinned wafer. Because the step was in
the neutral axis of the wafer, fabricating the second step
could be regarded as cutting a thinner wafer. This could
have had the following consequences. As Fig. 4 revealed,
the best results were achieved at fluences of Fy=5.3J/
cm?, which is well below the minimum fluence needed
to cut through the full wafer thickness. Solving Eqgs. (1)
and (2) for a thickness d =30 um yields absorbed flu-
ences during the first and last scan F,, = 3.3 J/em? and
F,, = 1.0 J/cm?, respectively. These fluence values are
in the range of the optimal fluence for surface ablation
of 1.8 J/cm? [25, 28]. This calculation suggests that the
fluence could have been low enough to reduce melt ejec-
tions [26] as well as periodic hole and kerf formations
[17] during the first scans, but still high enough to sup-
press enhanced LIPSS formation during the last scans
[26]. In simple terms, the step cut could have made it
possible to use an optimal fluence ratio. Other reasons
for the improved breaking strength could be related to
the shallower taper angle. On the one hand, this could
improve debris ejection, on the other hand, the sidewall
polishing effect reported in [18] could be more pro-
nounced. Because the ratio between beam radius w, and
thickness d plays an important role in all those scenarios,
future experiments will be performed using larger beam
radii. The results further indicate that there is a trade-off
between minimum kerf width and mechanical stability.
Nevertheless, it should be pointed out that larger kerf
widths of about 40 um are rather desired for industrial
production, because this allows safer picking and placing.

As mentioned in the introduction, the current challenge
for ultrafast-laser dicing of thin Si wafers is to improve
both the mechanical strength and the cutting speed in com-
parison with mechanical dicing with a wafer saw. Even
though several studies were carried out before, this is the
first time to the knowledge of the authors that a process
window was found that enables to cut thin silicon wafers
with higher quality at the front and backside than with a
wafer saw. However, these results were achieved only at
effective cutting speeds of v,.,,/N=1.45 mm/s and laser
powers of 0.67 W. This yields to specific cutting speeds
of about 2.2 mm/s/W. Dividing the cutting speed of the
wafer saw, which is about 100 mm/s, by this specific cut-
ting speed indicates that an ultrashort pulse laser with
a power of about 45 W would be necessary to achieve
speeds, which are state of the art in semiconductor indus-
try. Because the results of this study suggest that the back-
side breaking strength depends on pulse energy and beam
radius, power scaling is mainly possible by increasing the
pulse frequency or by parallel processing. Since higher
repetition frequencies could increase thermal side effects,
future experiments should address the impact of high rep-
etition rates on mechanical stability.

5 Conclusion

Recent investigations showed that ultrafast-laser dicing
increases the mechanical stability of the cut chips com-
pared to mechanical dicing, however only at the front and
not at the backside. The results of this study revealed for
the first time to the knowledge of the authors that it is
indeed possible to improve also the backside breaking
strength using ultrafast lasers. Maximum average breaking
strengths of about 1128 and 1105 MPa were achieved for
front and backside, respectively. These values were even
higher than typical breaking strengths obtained using ns-
laser (389 and 781 MPa) and mechanical dicing (931 and
968 MPa) machines with already optimized parameters.

Cutting experiments using a single line scanning strat-
egy showed that the breaking strength increases on both
sides with decreasing accumulated fluence per scan.
However, the backside breaking strength was always
below 600 MPa. Experiments with different scan strate-
gies revealed that a step cut improves the backside break-
ing strength to about 1100 MPa. An explanation for this
improvement could be found by calculating the laser
fluence values during the first scan on the plain surface
and during the last scan on the sidewall. Because the step
cut thinned the waver to half its thickness within a wide
groove, the pulse energy could be reduced to cut the lower
half and the fluence absorbed by the sidewalls remained at
an optimal level between 3.3 and 1.0 J/cm?. At this fluence
regime, ablation efficiency is optimal, and melt ejections,
heat-induced side effects, periodic holes, and LIPSS are
minimal. In addition, the larger kerfs generated by the step
cut could enable more efficient debris ejection or could be
better suited for sidewall polishing by continuing scanning
the beam across the wafer even after separation.

Because the conditions described in the paragraph
before can be also fulfilled using larger beam radii or by
ramping pulse energy during scribing, future experiments
will be carried out to optimize the dicing strategy further
and to improve cutting speed. Nevertheless, the results of
this study already demonstrated that ultrafast-laser dic-
ing has the great potential to outperform state-of-the-art
dicing methods and to achieve chips with unprecedented
mechanical stability in chip mass production.
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