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Abstract 

We report on pulsed laser ablation for dicing/scribing 
monocrystalline silicon with a frequency tripled 
DPSS Q-switched nanosecond laser (355nm, AVIA, 
Coherent). Using a Galvanometer scanhead, a laser 
beam (repetition rate 30kHz, 143µJ per pulse 
maximum) was focused down to a 30µm diameter 
spot on silicon wafer and scanned in single-line 
mode. The trenches were machined by applying 
different number of laser scan passes and different 
laser powers. The cross-section and the side-wall of 
the trenches were examined using optical and 
scanning electron microscopes. The laser machining 
throughput was evaluated by measuring the trench 
depth and the results show as the trench deepens with 
repetitive scans the effective ablation rate decreased 
and maximum depth of 500µm was achieved (aspect 
ratio 17 approximately). The debris generation and 
transport is known to be critical in optimising 
throughput of laser ablative processes. Study of the 
debris reveals that instead of being removed from the 
trench part of the debris generated from laser ablation 
re-deposits in the trench and on the side-walls and 
forms a recast layer. The formation of such features 
narrow the open space inside the trenches, which 
made laser beam delivery and debris transport more 
difficult. 

Introduction 

Semiconductor material silicon plays a very 
important role in micro-electronics, micro-electro-
mechanical system (MEMS) and automotive 
industries. Crystalline silicon wafers with thickness 
25~1500� m are the most common form for the 
manufacturing of medical devices, solar cells and 
circuits [1, 2, 3]. Due to its fragile nature, silicon 
wafers via drilling, scribing and dicing, especially 
arbitrary shape cutting, is very difficult to be 
accomplished by conventional methods. Laser 
machining, featuring its capacity of machining free-
standing materials and creating complex patterns and 
structures, has been showing its prominent power and 
is believed to be the prevailing state-of-art. Diode-

pumped solid-state DPSS lasers, compact and robot, 
delivering high power pulses of ultraviolet 
wavelength light beam at very high repetition rate, 
are very attractive to and keep gaining greater 
popularity industrial manufacturers.  

In this report, we studied silicon machining by using 
a 355nm wavelength, 4.5W nanosecond pulsed DPSS 
laser. The machining feature was simple—narrow 
trenches on silicon wafer completed by laser 
repetitive scans in a single-line. It was chosen 
because developing laser dicing for such narrow 
grooves is of significant interest to industries though 
the research on this is not to our knowledge reported 
as yet. On the other hand, compared with machining 
trenches with greater width, which introduces more 
process parameters and complexities [4], narrow 
trench machining is only determined by laser 
parameters, laser scan speed and number of scan 
passes. As the laser scan speed and laser pulse 
repetition rate for silicon slotting have been 
optimised from previous research that was conducted 
in our research centre [5], for process control the only 
variables are laser power and laser scan passes.   

Experiment 

The study used polished virgin test silicon wafers, of 
150mm in diameter and 500µm/1050µm thicknesses. 
The wafers were nominally n-type, and were sourced 
from UniversityWafers (South Boston, MA 02127).   

The laser used in the study consisted of a frequency 
tripled DPSS Q-switched laser source (AVIA, 
Coherent) providing ultra violet energy output at a 
wavelength of 355nm with pulse repetition rate 
tuneable between 10~100kHz. The integration of the 
laser with other components of the micro-machining 
system is shown in figure 1. Using a Galvanometer 
scanhead, a laser beam was focused down to a 30µm 
diameter spot. The upper polished surface of the 
silicon wafer was mounted towards the laser beam 
source and placed at the laser focus. The focused 
laser spot is used to scan over the surface of the 
silicon wafer. In this paper, all the experiments were 
performed with laser repetition rate fixed at 30kHz 



(pulse duration 20ns). To study the relation between 
machining rate, throughput and laser power, the laser 
was set at 4.3W (energy 143µJ per laser pulse); 3.2W 
(107µJ per laser pulse); 2.5W (87µJ per laser pulse) 
and 1.9W (65µJ per laser pulse). Based on these 
parameters, the laser irradiances achieved at silicon 
surface were 1.0GW/cm2; 0.76GW/cm2; 
0.62GW/cm2 and 0.46GW/cm2, respectively. 

The geometries that were machined in the silicon 
wafer were simple, consisted of point exposures for 
crater formation and scanning exposures for trench 
formation (30µm × 5mm in size). These were 
typically fabricated using multiple passes in a single-
line, with each pass consisting of overlapped pulse 
exposures, whereby the speed at which the laser was 
scanned over the surface was 50mm/s.  

 

Figure 1: Experimental setup 

The laser machined features were analysed using 
various off-line characterisation techniques such as 
optical microscopy (OM), scanning electron 
microscopy (SEM) and energy dispersive x-ray 
analysis (EDX). For evaluation of machining 
throughput, the depth of the trenches was measured 
from their cross-sections: the machined trenches were 
halved (by laser cutting along the direction 
perpendicular to the trench) and mounted into cold 
setting resin. The samples were then polished and the 
vertical distance between silicon surface and the 
bottom of the trenches was measured. Such depth 
measurement was repeated 3 times and sample 
polishing was performed before each measure. For 
obtaining information along longitudinal direction 
(along the trench), two approaches were adopted. 
One involved mounting the silicon wafer with 
polished surface up (with machined trenches on it) 
into cold setting resin and then grinding the sample 
from silicon surface in order to reveal the machined 

features beneath the surface of the silicon wafer. The 
other involved splitting the trenches along their 
machining directions to expose the side-walls. 

Results 

The OM images shown in figure 2 are the 
photographs of a through trench (5mm long) 
machined on a 500� m thick silicon wafer. The 
pictures were taken from the entrance and exit sides 
of the trench and the sections were taken from the 
middle of the scan. Laser power was set at 4.1W and 
it took 500 passes of the laser scan to machine 
through the silicon wafer. The width of the trench 
measured from front side was approximately 30� m. 
The aspect ratio of this through trench was about 
17:1.  

  

(a) (b) 

Figure 2: OM images of a through trench machined 
on a 500� m thick silicon wafer. (a) and (b) are the 

images taken from silicon wafer polished side 
(entrance) and the rear side (exit)  

Machining Rate 

A series of 4 trenches were prepared using the laser 
power settings described in experiment details 
section. In each series, trenches were machined by 
different repetitive laser scan passes: 5, 10, 15, 20, 
40, 60, 80, 100, 120, 140, 160, 180, 200, 300 and 400 
passes. In figure 3, the depth of the trenches is plotted 
against the number of laser scan passes that was 
applied for machining. The various dashed lines 
connecting the dots in figure 3 were merely used for 
easily discriminating the data sets from individual 
laser power settings.  

The general trends of how the machining rate 
changes with laser scan passes were similar for all the 
applied laser power settings in this study. When the 
number of laser scan passes is smaller than 40, the 
depth of the trenches was less than 250� m, the 
increasing of trench depth is approximately linearly 
proportional to laser scan passes. This seems to 
suggest that at this stage laser ablation silicon is the 
sole factor influencing machining throughput. When 
the number of laser scans in between 40 and 200, the 
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depth of the trenches was in range 200� m to 400� m. 
The depth of the trenches still linearly increases with 
increasing number of laser scan passes but the 
machining rate slows down compared to that 
achieved at the first stage. It is likely that apart from 
laser ablation, the influence of some other factors, i.e. 
debris re-deposition and laser induced plume/plasma 
shielding, now becomes prominent [3]. Compared to 
machining with laser scans less than 200 passes, only 
slight increases of the depth of the trenches were 
achieved for laser scanning 300 and 400 passes. It is 
expected that at this stage a balance of several 
factors, i.e. ablation, debris transport and shielding 
etc, terminates the actual machining. 

 

Figure 3: Depth of the trenches versus laser scan 
passes  

Some differences on machining throughput amongst 
the 4 series of trenches can also be noticed from 
detailed comparison. At the very beginning of the 
machining, namely, laser ablation starting from 
silicon surface, within the first 20 scans, the higher 
the laser power the greater trench depth achieved. 
This is evident that in terms of laser ablation of 
silicon the higher the power the greater the ablation 
[4, 6]. As the laser ablation site gets deeper (the total 
laser scans more than 20 passes), the yields of 
machining done by laser power 4.3W and 3.2W 
becomes roughly identical. Furthermore after the 
number of laser scan exceeds 40 passes, the yields of 
4.3W, 3.2W and 2.5W becomes very similar. The 
non-linear relation between input and yield is quite 
common in laser machining process [7, 8]—in 
general, greater laser power induces more 
vapour/plasma shielding and eventually the net laser 
power delivery to the machining site is constant for 
different laser power inputs. Throughout the power 
range studied, the yield from the machining done 
with laser power 1.9W was always less than that 
from the other series.  

 

Figure 4: Schematic drawing of silicon surface 
grinding study 

Geometrical Features 

It was noticed that the depth values at individual 
measurements were quite different to the average. 
Similar uncertainty on the depth measure of laser 
scribed grooves was also reported by Li et al [9]. To 
verify the attribution of this observation, a study was 
performed on trenches that were machined on a small 
piece of silicon wafer by applying 5, 20, 40 and 100 
laser scans. This silicon wafer was mounted into cold 
setting resin as shown in figure 4. Then the grinding 
was performed from the silicon upper polished 
surface. The trenches were eroded sequentially (as 
the depth of these trenches was different) during the 
grinding process. This enabled to reveal the shape 
and form of the trenches underneath the silicon 
surface. The OM photos were taken during the 
grinding process and shown in figure 5. The images 
in the first column were the OM images of the 
trenches were taken from the silicon surface. Those 
in the second column were taken after the first step 
grinding. It can be seen that the bottom of the trench 
made by a laser scan of 5 passes is exposed—the 
track of the trench is not a continuous channel but a 
line of separate pits. The images in the third column 
were taken after the second round grinding—the 
trench made by laser scanning 5 passes is no longer 
evident and the bottom of the trench made 20 laser 
scans is now exposed—the same feature, a series of 
pits is seen on this image. The iterative approach of 
grinding and recording images was repeated until the 
trenches were no longer evident on the silicon wafer. 
This study illustrates the unique morphological 
feature of the trenches. The pictures in figure 5 reveal 
that all the trenches got narrower from the silicon 
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surface with depth down towards inside. No trenches 
revealed a flat bottom; instead, they all ended up with 
a line of craters. This is considered to contribute to 
the variation of individual depth measures.  
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Figure 5: Surface grinding study. From left to right, 
the OM images show silicon surface after grinding 

steps 

The images presented in figure 6 are the SEM 
micrographs of the cross-section sample of a trench. 
It can be seen that the space in the trench especially 
at the lower part is very confined.  

 

(a) 

 

(b) 

Figure 6: SEM images of the trench cross-section (a) 
the upper part (b) the lower part of the trench cross-

section. The dash line circled zone in (b) is the 
common area that is presented in both (a) and (b) 

To ascertain more information from inside of 
machined trenches, one of the trenches was halved 
along its machining direction. By this means, the 
side-walls of this trench were exposed. The SEM 
images of one side-wall are presented in figure 7. 
Figure 7a is the low magnification image showing the 
full range of the side-wall along trench depth 
direction. A belt of fuzzy feature with width about 
100� m is observed on the top, the morphology of 
which is significantly different from the rest part of 
the side-wall. On this area the circled area with mark 
‘b’  (in figure 7a) was sampled and further 
investigated, as it is shown in figure 7b. Viewed from 
figure 7a, the lower part of the side-wall was rather 
flat. A sample (see circled area with mark ‘c’  on this 
part) was taken from this part. Figure 7c is a further 
magnified SEM image. Close to the bottom of the 
side-wall, it is observed that the machined trench 
ending up with a sawtooth-like contour (figure 7a). 
This observation is consistent with surface grinding 
study (figure 5).  
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Figure 7: SEM images of the side-wall, (a): low 
magnification view; (b) and (c): higher magnification 

images of the circled areas in (a); (d) further 
magnified image of the cavity shown in (c)  

The area sampled from the top region was formed 
with huge amount of worm-like particulates (figure 
7b). These particulates were stacked and piled up. 
The existence of voids in this area is observed. EDX 
analysis reveals this area having very high level of 
oxygen concentration—atomic ratio of element O to 
Si was approximately 71% and 29%. The lower part 
of the side-wall (figure 7c) looks relatively flat but 
wave-like fluctuant along laser scan direction can be 
noticed. Some frozen wave-like features and droplets 
scattered on the side-wall. This feature is mainly 
observed on the area close to the bottom of the 

trench. The EDX analysis was performed on the side-
wall of this area. The result shows much less oxygen 
concentration—atomic ratio of element O to Si was 
approximately 21% and 79%. A few cavities on the 
side-wall are clearly visible in figure 7c. A close-up 
inspection was performed on one of these cavities 
(the circled area in figure 7c) and its SEM image is 
presented in figure 7d. Some particulates are 
observed inside this cavity. The unique feature 
suggests that the particle arrived at the area 
underneath the cavity firstly and then 
covered/enclosed by the silicon that arrived later 
which formed the side-wall later on. 

Discussion 

During machining, liquid or vapour silicon is pushed 
towards open space from ablation site by the recoil 
pressure of the shock waves. If the ablation site is 
close to surface, the ablated silicon can be removed 
out of the trench, as Li et al reported the formation of 
recast built-up along the laser scribed grooves [9]. As 
the ablation site gets deeper, laser delivery and debris 
removal become more difficult. The worm-like 
particulates on the top part of the side-wall are 
similar to the whisker-like structure which was 
generated from pulse laser ablation of silicon in 
atmosphere ambient [10]. Such features are easily 
coated by vapour/liquid silicon due to its relative 
large surface area. The lower oxygen concentration 
on the lower part of the trench side-wall than that on 
the upper part indicates the majority of ablated 
species had been brought up to the upper space. The 
observation of the additional layer on the side-walls 
(figure 6 and 7) indicates that formation of such 
layers would be common in laser machining of 
narrow trenches on silicon wafer. It is very likely the 
additional layer originates from recast silicon: the 
debris is brought up but stuck on the top fuzzy 
structure area; such accumulation of the debris inside 
the trench would continue with trench deepening. 
The formation of worm-like structure on the top and 
the additional layer on the side-walls lend additional 
geometrical confinement into the trench space which 
significantly impacts laser delivery in and the 
transport of debris out of the trench. At last, the 
combination of several factors, i.e. less oxygen 
available, reduced laser energy delivered to the 
ablation site, and more difficult debris transport, 
makes the machining slow down and stagnate 
eventually.  

The surface grinding study and side-wall inspection 
reveal the geometrical feature of the laser machined 
trenches. Apart from having narrow open space 
between the side-walls, it is clearly shown that all the 
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trenches have rough bottoms which are formed by 
series of craters. Since it is a quite common method 
to assess the depth of a trench from its cleavage or 
cross-section, it should be noted that due to the 
geometrical feature of the trench the data from 
individual measurements can differ a lot from an 
average of a series measurements from different 
cleavages or cross-sections. It is not fully understood 
what the mechanism is for the formation of these 
craters. These craters were not simply made by the 
successive laser pulses, i.e. the distance between two 
adjacent craters on a trench bottom can be estimated 
from about 10� m (see figure 5 or 7a), which is larger 
than the distance between any two successive laser 
pulses (this distance should be 1.7� m approximately). 
Further investigation is being carried on and the 
results will be reported in the future.  

Summary 

The paper has presented details of nanosecond DPSS 
laser 355nm machining narrow trenches on silicon 
wafer. The work has investigated machining rate, 
machining rate change and the geometrical features 
of the machined trenches. They are very important 
characteristics especially in case that blind trenches 
are to be machined as none of these can be monitored 
in real-time or assessed by non-destructive analysis. 

Machining rate varies with laser irradiance and 
actually ablation position. When the depth less than 
200 microns, with the same number of laser scan 
passes deeper trenches were obtained by applying 
higher laser power. Reduced machining rates were 
observed for increasing depth and identical 
machining rates were achieved for a range of laser 
powers. High aspect ratio trenches were obtained 
when the maximum machining throughput was 
achieved, which was about 500 microns. Due to 
recast built-up on the side-walls the space inside the 
trenches was very confined. The space confinement 
impacts both the laser energy delivery and debris 
removal. Lines of craters were observed at the very 
bottom part of the trenches, which formed the floors 
of the trenches.  
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