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Abstract 
In this study, we investigated and characterized the combined process flow of the UV-USP (ultra-short pulse) 
laser grooving and plasma dicing wafer singulation technologies and discussed the impact on subsequent 
hybrid bonding steps. We benchmarked UV-USP laser grooving against UV-nanosecond laser grooving to 
enable plasma dicing by evaluation of imaging and die strength measurements. The results showed the 
advantages of the UV-USP laser grooving combined with plasma dicing for the current and future 
semiconductor production flows. 
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I. Introduction 
Wafer singulation using only blade dicing has been the 
workhorse in the industry for years but has shown many 
limitations [1] like chipping, cracking, a reduced die strength 
and such as a minimum street width and minimum die sizes. 
Consequently, several different die singulation technologies 
or combinations of technologies have been conceived for 
semiconductor production flows over the last couple of 
decades [1], [2].  
Plasma dicing [3], [4] has shown to be a good option for thick 
and thin wafer singulation. The flow is based on the Bosch 
process, which has been the industrial standard for deep 
silicon etching [5]. It uses a series of alternating steps 
between polymer deposition for sidewall passivation, 
removal of the polymer from the etch front, and isotropic 
silicon etching. The technology does require a suitable mask 
and the absence of metals, polymers and oxides in the dicing 
street. The method of the mask definition has a huge impact 
on the quality of the plasma dicing process. Plasma dicing 
alone applied to photolithography defined dicing kerfs will 
return the cleanest die with the highest die strength. This is 
already running in mass production, specifically for simple 
front-end stacks such as in RFID products. However, 
significant investment in changing front-end process flows is 
required for products containing more complex front-end 
stacks with multiple redistribution layers (RDL) and 

planarization steps. It is probable that for some products it 
will never be economically viable to remove all metals from 
the dicing streets. Therefore, an additional enabling step is 
required to benefit from many of the advantages of plasma 
dicing and will enable the transition to plasma dicing for 
many more products. Protrusions, recast, and non-verticality 
of the grooved stack can create a deviation of the mask edge 
which impacts the plasma etch front.  
The advantages of laser dicing in the nanosecond regime 
over blade dicing have been described elsewhere [6]. The 
laser method can be applied for full separation of the wafer 
or for the removal of part of the device build, such as in case 
of grooving or scribing. The advantages can then be further 
exploited by combining it with, for example, blade dicing 
improving singulated die quality and reducing cost.  
In recent years, also ultra-short pulse (USP) laser processing 
has been available for production [7], [8]. The use of these 
lasers shows advantages of using ultra-short pulses 
compared to nanosecond pulses, which result in a different 
material removal mechanism and small to no heat affected 
zone (HAZ) in the material, low to no burr and a smooth 
groove bottom.  
Among others, due to the steep cost increase for the device 
development and fabrication of advanced nodes, the 
development of 3D heterogenous integration combining 
these different nodes, has accelerated, but requires fast 
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interconnects and excellent thermal and power management. 
The advanced interconnect technology has progressed from 
wirebonding through flipchip and micro bumps to hybrid 
bonding such as Cu-Cu interconnect technologies [9]. From 
the majority of the singulation techniques, such as blade 
dicing, stealth dicing, laser dicing and plasma dicing, only 
the combination of the laser processing and plasma dicing 
may comply with the requirements essential to hybrid 
bonding processes. Laser dicing only may not fulfill the burr 
free edge quality, whereas plasma dicing needs a sharp mask 
and metal removal from the street. In this respect, it is 
expected that the mask quality created by UV-USP laser 
grooving, compared to the nanosecond laser grooving, will 
qualify for the plasma dicing singulation step. In this paper, 
we will benchmark UV-USP grooving against UV-
nanosecond laser grooving in combination with plasma 
dicing. Additionally, we characterize the technologies and 
their impact on the subsequent hybrid bonding processing 
steps.  
 
II. Description 
A. Laser grooving system 
The laser grooving was executed on LASER1205 systems 
from ASMPT. These systems are using the ASMPT’s 
patented multibeam technology. Multibeam laser technology 
has been used for several years by many assembly and 
packaging companies [10]. This technology is easily 
adjustable to various applications by optimizing the laser 
beam patterns on the wafer, as depicted in Fig. 1. As the goal 
for all laser technologies is to balance the throughput versus 
the quality, optimizing the beam pattern enables improving 
the quality of the top surface and die side wall, reducing burr 
and HAZ, and increasing the die strength.  

 
Figure 1: Examples of laser beam patterns in a dicing street. 
a) Single beam, b) multibeam in-line, c) advanced 
multibeam.  

 
The laser removal process in the UV-ns laser regime is melt-
driven. Material removal processes are fast, but the residual 
thermal energy introduces a relatively large melt pool and 
HAZ. UV-USP lasers operate with much shorter pulses with 
high pulse intensities. In this case, the material removal 
mechanism in these pico- to sub-pico regimes is not melt but 
ablation driven without requiring the material to go through 
a melt phase to enable removal. The HAZ is smaller and also 

the resolidified and deposited material is much lower, as 
depicted graphically in Fig. 2. For UV-USP laser processing, 
material absorption differences are less important, and 
metals, polymers, glasses and silicon removal rates are 
similar: with the same optical arrangement and spot sizes, 
UV-USP can achieve sharper, well defined grooves and edge 
sidewalls. 

 
Figure 2: Schematic of UV-USP grooving 

B. Plasma dicing system 
The work described here was executed on an SPTS Rapier-
300S process module attached to an SPTS 300 mm MosaicTM 
handler. This is a high density plasma source designed for 
high rate silicon etching. The samples were mounted on 
400 mm outer diameter standard dicing frames using a dicing 
tape. 
 

 
Figure 3: Schematic of plasma dicing module. 
 
The process flow consisted of a pre-Bosch etch ‘cleaning’ or 
‘descum’ step that removes small laser groove debris, the 
heat effected zone (HAZ). It creates a new, smooth boundary 
from where plasma dicing can start. A too long descum step 
undercuts the top layers which can break off and cause 
reliability issues. As the HAZ can contain micro cracks and 
voids, this can enhance the silicon etch rate in those areas to 

(a) (b) (c) 
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create an undesired lateral etch as depicted in Fig. 4. An 
insufficient descum step (incomplete removal of HAZ) can 
cause striations and lateral etch. This should be avoided for 
optimum process control. Ideally the descum needs to be 
wide enough to remove the HAZ, but not so wide to promote 
delamination of the mask or stack layers. 
The main plasma dicing process uses the Bosch process to 
etch down to the dicing tape. Endpoint detection hardware 
using optical emissions spectroscopy avoids excessive over-
etch. A soft-landing process removes the remaining silicon 
slower to counter the loading effect as the Si reaches the tape, 
preventing damaging the sidewalls or the backside of the die 
and thereby maintaining the high die strength. The tuning of 
the etching is based on a compromise between scallop size, 
mask selectivity, productivity and lateral etch. Small 
scallops, as shown in Fig. 5b, tend to suppress lateral etching 
and may increase material strength [11].  
The quality of the combined laser grooving and plasma 
dicing process requires the optimization of the laser process 
as well as the tuning of the plasma dicing process. For 
example, the definition of the mask and size of the HAZ will 
impact the descum step. Sample evaluation can be done on 
the burr, dimensions of the undercut and the occurrence of 
lateral etch. After the plasma dicing process, high pressure 
deionized water was used to remove the protective coating 
from the die surface. The dies were inspected using an 
Olympus MX50 optical microscope and a Zeiss Sigma 
FESEM. 

C. Material 
Experiments described here were performed on a test carrier 
of 150 µm double sided polished and etched Si substrate with 
2 µm SiO2. A water-soluble protective coat material is spun 
on the front side of the wafer (thickness of 4 to 5 µm) before 
the laser grooving processing takes place. For the 
experiments performed here, different groove widths and 
depths have been tested. The laser removed the top layer only 
and stop at the Si substrate, resulting in laser groove depths 
of about 3 µm. Sample size for die strength evaluation was 3 
x 8 mm. 
 

 
Figure 4: Schematic sideview of a sample after descum and 
several iterations of the Bosch process used in plasma 
dicing showing the typical scallops. Also shown are two 
quality indicators at the Si – dielectric interface: undercut 
and lateral etch. 

 
 
Figure 5: Sidewall view of plasma diced Si sample with a) 
standard scallop size, and b) small scallop size. 
 

D. Analysis 
The material die strength was measured on a 3-point bending 
test tool [12], and both top and bottom distributions were 
evaluated. To obtain good position accuracy of the support 
and loading edges while preventing friction effects, a 
measurement jig with an air bearing was used. The die 
strength is calculated according to (1).  
Die strength (MPa) = 3𝐹𝐹𝐹𝐹

2ℎ2𝑑𝑑
.  (1) 

where F is the breaking force in N, L is the distance between 
support bars in mm, h is the sample thickness in µm and d is 
the sample width in µm. For an acceptable indication of the 
distribution, N=15 samples per side were done. 
 
 
III. Experiments 
A. Laser grooving of Si with SiO2 top layer  
Laser grooving settings were optimized to minimize burr, 
edge delamination and depth for both laser systems. Fig. 6 
shows the evaluation of the results of the UV-ns laser 
grooving after coating removal from the sample. The bottom 
of the groove has a regular, shiny appearance. The depth 
varies from 3.3 to 6.6 µm measured from the top surface with 
a maximum burr of 1.1 µm. The optically visible 
modification width of the surface groove edge is about 
3.5 µm. The SEM inspection of a manually cleaved crosscut 
shows a groove profile with a wide w-shape. Zooming in at 
the edge, a small vertical trench deeper into the Si of about 
2 µm is visible. The edge of the groove has no chippings, 
cracking or top layer delamination. 
The result after UV-USP laser grooving after coating 
removal (Fig. 7) shows a very regular groove profile with a 
u-shape and a flat bottom. The depth varied from 3.9 to 
4.1 µm measured from the top surface with a maximum burr 
of less than 300 nm. The optically visible modification width 
is about 4.0 µm. SEM images of a manually cleaved crosscut 
show the fine grainy nature of the groove bottom and the 
groove sidewall. Zooming in on the groove, no further 
modification of the silicon was visible, showing the control 
of the laser grooving depth. Also for UV-USP, the edge of 
the groove has no chipping, cracking or top layer 
delamination. 

(a) (b) 
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Figure 6: Inspection of UV-ns laser grooved material after 
coating removal shows a smooth, shiny bottom and 
maximum burr of 1.1 µm with (a) confocal imaging and (b) 
optical microscopy. SEM inspection of a manually cleaved 
crosscut shows a groove profile (c) with a wide w-shape and 
zoomed in at the edge (d) a small vertical trench of about 2 
µm into the Si.  
 

  
 
Figure 8: The SEM image of (a) the UV-ns laser grooved 
material after descum (the coating is indicated in yellow) 
shows a pullback of the coating of up to 5 µm from the edge 
of the groove. In addition, a small modification at the 
interface of the top layer and silicon is visible. (b) SEM 
image of the overall groove profile. 
 

  
 

  
 
Figure 7: Inspection of UV-USP laser grooved material 
shows a smooth groove bottom and a maximum of 300 nm 
burr with (a) confocal imaging and (b) optical microscopy. 
SEM inspection of a manually cleaved crosscut shows (c) a 
very flat groove bottom and zoomed in at the edge (d) reveals 
about 1.5 µm material modification at the top layer interface. 
 
 

  
 
Figure 9: The SEM image of (a) the UV-USP laser grooved 
material after descum (the coating is indicated in yellow) 
shows no coating pullback. The edge of the mask at the 
groove is sharp. (b) SEM image of the overall groove profile 
showing a light colored groove bottom which did not impact 
the plasma dicing process. 
 

B. Plasma dicing of laser grooved Si with SiO2 top  
First, the plasma descum process step was varied to find the 
balance between sidewall quality without striations on the 
die sidewall and a minimum undercut and no lateral etch. 
After optimization, the descum deepens the groove with 
about 4 µm for both UV-ns and UV-USP laser processed 
samples, Fig. 8 and Fig. 9. For both samples, the bottom 
shape after descum is similar to the starting condition 
directly after laser grooving. However, a striking difference 
is the coating mask appearance: for UV-ns, the coating 
pullback is significant at both sides of the groove, measuring 
up to 5 µm. The UV-USP coating mask follows the groove 
edge more closely which is needed to protect the top layer 

during plasma dicing step. The UV-USP laser process 
produces less HAZ. This allows a more effective descum 
step, preventing the formation of striations and lateral etch 
during the plasma dicing step. The necessity of descum for 
these cases is shown in Fig. 10, where the plasma dicing 
without descum results in lateral etching, creating weak spots 
resulting in severe delamination of the top layer after the DI 
wash. 
Plasma dicing of the UV-ns grooved sample shows 100% 
singulation. A soft landing was used for optimal backside 
quality. The sidewall of the sample has some irregularities 
and striations, Fig. 11a. The surface edge has no chipping or 
delamination, but the top surface has an irregularly sized 
modification at both sides of the groove of 10 to 16 µm. This 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 

(a) (b) (a) (b) 
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modification is hardly visible with optical microscope 
because of the layer transparency and the shallowness of the 
defect. It is expected that the surface change is the result of 
the coating mask pullback, exposing the surface to the 
plasma. SEM sidewall inspection shows about 1.1 µm burr 
at irregular locations at the die edge which can be a problem 
for hybrid bonding. 
Figure 12 shows the result of plasma dicing the UV-USP 
laser grooved sample. The singulation was 100%. The 
samples showed a smooth sidewall without striations. The 
top surface has a regular modification at both sides of the die 
edge of up to 1.5 µm. A SEM inspection of the die sidewall 
showed up to 300 nm burr at irregular locations which is less 
than for UV-ns but can still be a problem for hybrid bonding.  
 

 
Figure 10: SEM images of plasma dicing after laser grooving 
without descum shows more than 10 µm delamination of the 
top layer. 
 
 

  
 
Figure 11: SEM images of plasma dicing after UV-ns laser 
grooving showing (a) sidewall irregularities such as 
striations and (b) irregular top surface modification which is 
visible as the darker shaded areas along the die edge.  
 

   
 
Figure 12: SEM images of plasma dicing after UV-USP laser 
grooving showing (a) smooth sidewall without striations (b) 
a regular top surface with small modifications up to 1.5 µm. 
 

C. Die strength evaluation 
Fig. 13 shows a comparison of the die strength the UV-ns 
and UV-USP laser grooved and plasma diced samples. The 
material die strength was measured on a 3-point bending test 
tool with 15 samples per side. As can be seen from the graph, 

the UV-USP laser grooved samples show a slightly higher 
average for the front side than the UV-ns laser grooved 
samples. This indicates that the combination of UV-USP 
laser grooving and plasma dicing is a superior process.  
 

 
Figure 13: Die strength comparison of UV-ns and UV-USP 
laser grooved and plasma diced 150 µm Si with 2 um SiO2. 
 
Table 1: Comparison of the combination with plasma dicing 
of UV-ns laser grooving and UV-USP laser grooving. 

Grooving 
laser 

Burr  
(µm) 

Modified 
surface 
(µm) 

Die strength (MPa) 
Top Bottom 

UV-ns <1.1 >10 805 638 
UV-USP <0.3 <1.5 911 790 

 

D. Throughput consideration 
In the end, factors determining an effective production flow 
include considerations on overall capability, quality and 
throughput. Obviously, the combination of two technologies 
allows parallel processing for several of the process steps. As 
mentioned earlier, plasma dicing enables a narrow width, 
small die and high die strength singulation of non-
rectangular shapes, with a particle free process. This does 
require a defined, sharp mask and the absence of metals in 
the separation lane. The laser as opposed to blade dicing can 
process a wide range of materials including metals 
consistently without the saw crack and delamination issues. 
The UV-USP laser approach, having a different material 
removal mechanism, has a reduced HAZ and lower burr, and 
shows a smooth groove bottom. Continuous optimization 
and improvement of UV-USP laser grooving combined with 
plasma dicing will contribute positively to attain both the 
highest quality with a high throughput at a low cost. 
 

IV Conclusion 
This study has shown the potential of the combination of 
UV-USP laser grooving versus UV-ns laser grooving, 
respectively combined with plasma dicing. UV-USP laser 
grooving shows a smoother groove profile and sidewall and 
a sharp, steep coating mask edge. This laser technology 
minimizes HAZ and descum shows better removal of recast 
and debris. After plasma dicing, the dies show no to minimal 
burr and in comparison, the die strength is higher for both 
front and backside of the die sample. The minimum 

(a) (b) 

(a) (b) 

1 µm 

10 µm 
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remaining surface burr of the UV-USP laser grooving 
process is completely removed by the subsequent plasma 
dicing step. The combination of UV-USP laser grooving and 
plasma dicing process is expected to meet the requirements 
for the hybrid bonding process flow. This study has shown 
that for the optimum quality of a singulated die for hybrid 
bonding, both processes have to be optimized with respect to 
each other. The quality benefits of the UV-USP laser system 
justify the higher cost of the UV-USP laser over the UV-ns 
laser.  
As a next step, we will evaluate the complete removal of the 
burr followed by bonding tests. Afterwards, we will focus on 
further optimization using hybrid bonding product wafers 
including multiple layers in the dicing street with metal test 
structures. 
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