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1. Introduction 
Silicon wafer has been widely used in semiconductor applications 

including computer systems, telecommunications equipment, 
automation, and so on [1]. High-quality and Ultra-thin silicon wafers 
without damages are essential for these applications. In 
semiconductor industry, silicon wafer is usually produced by slicing, 
edge profiling, lapping, grinding, etching, polishing, and cleaning 
processes [2,3]. Damages such as dislocations, and microcracks, can 
be produced at the surface of silicon wafers during mechanical 
machining processes [4,5]. These damages will reduce performance 
and lifetime of the wafers [6]. Although the post processes such as 
chemo-mechanical polishing process and etched-wafer fine grinding 
[7] can reduce damaged layers, it increases the total  costs 
significantly.  

Laser thinning and surface microprocessing have been an 
emerging technology, which has many advantages rather than 
traditional methods including non-contact, environmentally friendly, 
high precision and high flexibility. Conde et al. [8] explained 
physical process of microstructure evolution at laser-ablated Si 
surface by theoretical analysis on the basis of ablation experiments 

produced by excimer laser. Lei et al. [9] investigated femtosecond 
laser ablations on Si and summarized two types of damage ablation 
and burst, which are highly depended on laser fluence. Yan et al. 
reported that the amorphous layers transformed to single-crystal 
silicon and dislocations and microcracks were completely eliminated 
by using nanosecond pulsed laser. Moreover, the roughness of the 
surface was reduced from RMS = 12 to 8 nm after laser recovery 
[4,10–12]. Mahdieh et al. have reported that the roughness of amorphous 
silicon wafer was reduced from RMS 9 to 0.5 nm after nanosecond 
laser annealing [13]. However, there is little discussion in the literature 
using laser thinning and grinding method to thin and improve the 
surface quality of silicon wafer. 

The objective of this study is to investigate the effect of 
picosecond and nanosecond pulsed laser thinning and grinding on 
surface improvement of silicon wafer. The influence of laser thinning 
and grinding on the surface modification, microstructure, and 
resistivity of silicon wafer was studied. Moreover, residual stress of 
laser-irradiated surface was investigated, and the I-V curves and 
resistivity changes of wafers were analyzed. 
2. Picosecond laser thin silicon wafer 
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Silicon wafer has been widely used in semiconductor applications including computer systems, telecommunications 
equipment, automobiles, consumer electronics, automation and control systems, analytical and defense systems. 
High-quality silicon wafer without damages is essential for these applications. laser scan process material rapidly and 
accurately. An ultrafast laser microprocessing has been considered as promising technique to remove material rapidly and 
accurately. These laser scan significantly reduce the heat-affected zone in the ablated area and then active extremely high 
accuracy and resolution. This talk will present the recent works concerning ultrafast laser thinning, and grinding silicon 
wafer. Surface topography, microstructure and residual stress of both as-received surface and laser-machined surface were 
analyzed carefully by 3D laser scanning confocal microscope (LSCM), X-ray diffraction (XRD), scanning electron 
microscope (SEM), X-ray photoelectron spectroscopy (XPS) and Raman microscope. Moreover, electrical properties of 
laser-machined wafer have been investigated to examine the effect of laser micromachining on Si substrate via 
characterizations of resistivity and I-V curves. After laser thinning, the wafer thickness has been reduced up to 50%, while 
the depth of heat affect zone (HAZ) is less than 1 μm, and compressive stress can be achieved at the laser-machined surface. 
No obvious damages such as micro-cracks or micro-holes have been observed at the laser-grinded surface. As-received 
surface defects including SiO2 layer and saw-mark have been significantly reduced, while average surface roughness has 
been decreased. Besides, laser micromachining causes little influence on electrical properties of wafer. This proof of 
concept process has the potential application in mass production of integrated circuit industry. 
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2.1 Experiments

The samples employed were polysilicon  subs t r a te s  wi th 
thickness of 200 μm and surface roughness Ra 0.33 μm, and the 
resistivity was ~ 1.8 Ω cm. All specimens were purified with 
absolute ethanol by ultrasonic cleaning for 2 min. Picosecond laser 
with a wavelength of 1064 nm was used. Laser pulse is 600 ps. A 
galvanometric scanning head and a 210 mm focal length f-theta lens 
were used to focus the laser beam on specimen surface with a 
focused spot size of 35 μm. A series of laser micromachining steps 
have been set as shown in Table 1. Here, the original wafer sample 
refers to specimen A. 
Table 1. Laser micromachining method of polysilicon wafer 

Specimen Step1 Step2 Step3 

B 
2.12 J/cm2  

10 times scanning 
- - 

C 
2.12 J/cm2  

10 times scanning 

0.64 J/cm2  

10 times scanning 
- 

D 
2.12 J/cm2  

10 times scanning 

0.64 J/cm2  

10 times scanning 

0.38 J/cm2  

20 times scanning 

2.2 Surface topography and microstructure evolution 
Fig. 1 shows the three-dimension surface topography. Si substrate 

thickness has been reduced from 200 to 100 μm, whereas Ra of 
surface increases from 0.33 to 0.96 μm after laser thinning.  

 
Fig. 1 3D surface profile and partial margination images of silicon 
wafer surfaces: (a) Specimen A, (b) Specimen B, (c) Specimen C, (d) 
Specimen D. 

The SEM images of surface topography are shown in Fig. 2. The 
thickness of silicon substrate is ~160 after step 1, while many 
micro-cavities with dimension as 16–17 μm were observed at the 
irradiated surface in Fig. 2(b). After step 2, the micron-cavities 
dimension is 11.5 μm (Fig. 2(c)). It indicted that subsurface 
superheating effect is played important role for the micro-sized 
cavities formation. When the laser fluence increased to 0.64 J/cm2 
and 2.12 J/cm2, the vaporization temperature at irradiated surface will 
rapidly reached within a few nanoseconds. The remaining pulse 
energy was absorbed within the liquid layer beneath the surface, and 
heated the liquid layer up to the temperature much higher than surface 
temperature. In this case, volume boiling inside the superheated layer 
occurred, leading to subsurface explosions which would eject a large 
amount of micro sized droplets. As a result, micro-cavities are formed 
at the surface after the surface layer had been removed. As laser 
fluence decreased to 0.38 J/cm2, surface materials were ablated away 
by phase explosion and partial evaporation without micro-cavity 
formation. After step 3, laser tracks with average spacing around 20 

μm became clear and smooth at the irradiated region as shown in Fig. 
2(d). Figures 2(e) and 2(f) show that the thickness change of wafer is 
about 100 μm and the depth of heat-affected zone (HAZ) is less than 
3 μm after laser micromachining. The minimal HAZ was achieved by 
a highly focused ultrafast laser beam with small laser power density at 
the focal point. 

Fig. 2 SEM images and section profiles of Si wafers: (a) Specimen A, 
(b) Specimen B, (c) Specimen C, (d) Specimen D, high amplification 
of wafer edge (e) and laser-machined wafer cross-section (f). 
2.3 Residual stress 

The zero-stress value of silicon substrate peak position is set to 
520 cm-1 on the basis of previous work [14]. The original silicon 
substrate at 520.98 cm-1. The residual stress is calculated by the 
following equation [15]: 

                   0(GPa) �
��
� ��
�

               (1) 

where σφ is the residual stress of the thinned surface, υ0 is the 
zero-stress value for Si peak position, υ is the Si peak position of the 
thinned surface, the value of α is 1.55 cm-1/GPa. 

The residual stress of specimen A is -0.63 GPa (compressive 
stress) due to mechanical grinding. The tensile stress is produced on 
the surface due to laser energy accumulation, whereas laser shock 
produces compressive stress during laser thinning. The residual stress 
is related to the thickness of substrate, and it increases with reduction 
of substrate thickness. The residual stress of thinned surface is 
determined by the combined results of thermal, laser shock effects 
and thickness. When pulse energy is high, the input thermal load 
plays a leading role on the residual stress rather than laser shock and 
thickness of wafer. Therefore, the residual stress is tensile as 
specimens C and D. The tensile stress of specimen C as 0.33 GPa is 
smaller than that of specimen B as 0.92 GPa due to the decrease of 
laser energy. The residual stress of specimen D is -0.34 GPa, which 
shows that the effect of thickness and laser shock is greater than 
thermal effect during the third step micromachining at low laser 
energy density. 
2.4 Electrical properties 

Electrical property is the important performance indicator of 
silicon substrate. I-V curves before and after laser thinning are shown 
in Fig. 3. The current increases nonlinearly with voltage increasing. 
The slope of I-V curves reduces from specimen A to D in Fig. 3, and 
the reason is that the carriers have an increased collision probability 
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with other thermally vibrating lattice atoms and impurity particles 
when the thickness of wafer decreases [16]. 

In addition to I-V curves, four-probe test is used to measure 
resistance at room temperature, and the resistivity was calculated 
using the following equation: 

                      �
�	 R S

L
                     (2) 

where ρ is the resistivity, R is the resistance of a silicon substrate 
sample measured by four pointer testers, S is the cross-sectional area 
of polysilicon substrate and L is the distance between two electrodes. 
After laser thinning, the resistivity of thinned silicon substrate is 
reduced and the deviation is within 4.9%. Therefore, laser thinning 
process of silicon substrate has little influence on the resistivity of 
material. 

 
Fig. 3 Comparison of I–V characteristic curves of silicon wafers of 
different thicknesses. 
3. Nanosecond laser grind silicon wafer 
3.1 Experiments

Sawed single-crystal silicon wafer substrate with a thickness of 
525 µm. The 1064 nm wavelength nanosecond pulse laser with a full 
laser power of 100 W at the 100% set point and a laser pulse width of 
220 ns is employed to irradiated single crystal silicon wafer. In order 
to focus and scan the laser beam in the horizontal and vertical 
directions, a two-mirror galvanometric scanner with an f-theta 
objective lens is used. The focal beam diameter of 35 µm can be 
achieved and the beam has a Gaussian energy distribution.  
3.2 Surface topography and microstructure evolution 

The 3D topographic and SEM images of the as-revised and 
laser-grinded silicon substrate samples are shown in Fig. 4. The left 
half of Fig. 4a and (b-1) shows the SEM image of the as-received 
surface morphology. The surface roughness values Ra and Rz were 
1.06 and 9.58 µm, respectively. There are numerous small peeks and 
grooves on the original surface. The laser grinded surface was shown 
in the right half of Fig. 4a and (b-2). The surface roughness Ra and 
Rz value were 0.61 and 5.27 µm, respectively. Laser grinding has 
played a great role in improving the surface quality 

Fig. 4c-1 and 4c-2 illustrate the 3D surface topographies of the 
as-received surface and laser-grinded surface, respectively. There are 
some peaks are appeared on the original surface, and after laser 
grinding, the number peaks are reduced and the surface is smoothed. 
However, ripples on the samples used in this work can be observed 
along the direction of the scan track of the laser.  

 
Fig. 4 Surface topography: (a) SEM morphology of as-received and 
laser polished surface (b-1) Enlarge SEM image of as-received 
surface; (b-2) Enlarge SEM image of laser polished surface; (c-1) 3D 
topographic image of as-received surface (c-2) 3D topographic 
image of laser polished surface. 

Fig. 5 shown the XPS spectra to identify the chemical nature of the 
single-crystal silicon wafer substrate surface before and after surface 
modification. XPS spectrum of both surfaces showed the presence of 
peaks corresponding to C1s, O1s, and Si2p. As shown in Fig. 5a, the 
C1s spectra of the original and grinded surface. A sharp peak 
corresponding to the C-C can be observed in C1s spectra of the 
as-received surface. However, the intensity of the C-C peak obviously 
decreased in C1s spectra of the laser-grinded surface. Other weaker 
peak C=O also appear in the C1s spectra. The intensity of C=O peak 
was stronger in C1s spectra of as-received surface than that in C1s 
spectra of laser-grinded surface. These results indicate that the oxide 
layer was sufficiently removed after laser grinding [17]. The 
conclusion can also be proved by Si-O and C=O peaks variation in 
O1s spectrum: the stronger Si-O peak in single-crystal silicon original 
surface decreased after laser grinding (Fig. 5b). Meanwhile, others 
peaks disappeared. It indicates that fewer or even no C=O and Si-O 
bonds were present on the laser-grinded surface and the disappeared 
oxide layer may be SiO2 [18]. The same conclusion can be concluded 
in Fig. 5c. As shown in Fig. 5c, peaks corresponding to Si-O and Si 
were relatively strong on as-received surface compared to those of the 
laser-grinded surface in Si2p spectrum. The peak at 100 eV is weaker 
after laser grinding, which indicates that the content of Si-C decreases 
after grinding. In addition, SiO2 peak disappeared from the 
laser-grinded surface. The result proved that the oxide layer is SiO2 
[19,20]. 

 
Fig. 5 XPS spectra of the as-received and laser polished surface, 
which correspond to (a–c) result of curve fitting of C1s, O1s, and 
Si2p with bulk single crystal silicon surfaces. 

Fig. 6a shown the XRD patterns of as-received surface and 
laser-grinded surface of single-crystal silicon substrate. As shown in 
Fig. 6a, the sharp peak located at 2θ ≈ 69.13° correspond to the (400) 
of Si matrix phase in as-received surface and laser-grinded surface. 
Apart from the strong diffraction peaks corresponding to the Si matrix, 
two minor peaks appear at 2θ ≈ 32.985° and 61.75° corresponding to 
the SiO2 (440) and SiO2 (181) in the as-received surface, respectively. 
After laser grinding process can change the location of peaks. 
Compared with the as-received surface, the intensity of minor peak at 
2θ ≈ 61.75° declined in grinded surface. This phenomenon is mainly 
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attributed to the decrease in the oxygen content and no more oxygen 
can be injected into the silicon wafer during the laser-grinded process 
in Ar environment.  

The Raman spectroscopy appeared the crystallinity of the 
as-received and grinded surface in single-crystal silicon substrate in 
Fig. 6b. The as-received surface and laser-grinded surface 
respectively showed a sharp peak at 520.29 and 520.016 cm-1, which 
both are close to the bare single-crystal silicon (100) peak at 520 cm-1. 
Moreover, a minor peak that is polycrystalline silicon was presented 
in the Raman spectroscopy of as-received surface [21]. It indicates that 
the polycrystalline silicon was completely transformed into 
single-crystal silicon during the laser-grinding process. Generally, the 
polycrystalline silicon layers will produce during machine grinding 
[4,10,12]. After a laser pulse is irradiated on the surface, the 
polycrystalline silicon layers will be melted and becomes thicker and 
thicker when laser irradiation continues, reaching the whole 
polycrystalline silicon layers. Then after the laser pulse, cooling will 
result in bottom-up epitaxial regrowth from the single-crystal silicon 
substrate. In this way, a perfect single-crystal structure can be 
obtained in the laser-irradiated surface [11]. 

   
Fig. 6 (a) XRD and (b) Raman spectrums from the laser-grinded 
surface and the as-received surface. 
3.3 Electrical properties 

The regression analysis of characteristic curve is used to estimate 
R and ρ. The R of silicon substrate of as-received and grinded are 
estimated as 0.281 and 0.266 Ω, respectively, while ρ is 0.476 Ω·cm 
and 0.402 Ω·cm, respectively. The average value of the standardized 
residual error of these two regression models is 0, and the deviation is 
0.967, which is close to 1. It is proved that the R and ρ values 
obtained by using the I-V characteristic curve are unbiased. 

Table 2 lists the resistivity of as-received and laser-grinded silicon 
substrate. The grinded silicon substrate resistivity was smaller than 
that of as-received silicon substrate. Therefore, the laser grinding 
process can reduce the resistivity of silicon wafer. 
Table 2. The resistivity of single-crystal silicon wafer samples with 
as-received and laser-grinded 

Specimen As-Received Laser-Grinded 

Resistivity(Ω cm) 0.476 0.402 

4. Conclusions  
In this work, we examined the thickness, surface topography, 

microstructure, residual stress and electrical properties of laser 
micro-machining wafer. The main findings can be summarized as 
follows: 

(1) The depth of HAZ is less than 3 μm by using multi-layer 
thinning process, whereas surface roughness Ra of 
laser-irradiated surface increases from 0.33 to 0.96 μm  

(2) The controllable residual stress has been produced by laser 
micromachining process, and the compressive stress 
achieved at laser-irradiated surface is lower than that of 
as-received surface. 

(3) Laser grinding reduced the surface roughness of 
single-crystal silicon substrate surface. Meanwhile, the 
laser-grinded surface changes were smother because laser 
grinding removes abundant peaks. 

(4) Laser grinding could decline oxygen content of the 
single-crystal silicon wafer. EDS and XPS analysis results 
proved this conclusion. XRD analysis showed that the SiO2 
phase disappeared after laser grinding. It indicated that the 
oxide layer was completely removed during the 
laser-grinding processing. 

(5) Raman spectra of as-received surface and laser-grinded 
surface analysis showed that crystallinity in the grinded 
region were changed. Polycrystalline Si was transformed 
into the single-crystal structure after laser grinding. 

(6) Resistivity measurements suggest that laser micromachining 
process has little in f l uence on electrical properties of 
laser-irradiated silicon wafer. 
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