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Laser recovery of machining damage under curved silicon surface
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1. Introduction

Manufacturing of defect-free silicon component is indispen-
sable for production of dark-field optics, optoelectronic elements,
and micro electromechanical systems [1]. Conventionally, silicon is
machined by slicing, cutting, grinding and lapping, and then the
machining-induced subsurface damage is removed by chemical
etching and chemo-mechanical polishing. Due to the uncertainty
of chemical reaction and the elasticity of polishing tools, it is
difficult to precisely control local material removal depth. For this
reason, it is extremely difficult to guarantee the form accuracy of
workpiece having curved and micro-structured surfaces which are
required more and more in current industries.

In this study, pulsed laser irradiation is used to recover the
machining damage under curved silicon surfaces. Differently from
conventional laser processes, the laser recovery process involves
rapid top-down melting and bottom-up crystal regrowth of the
damaged layer, yielding atomic-level subsurface integrity. In this
paper, laser-induced temperature change and material structural
change were investigated for slanted and curved silicon surfaces.
The results demonstrate that the laser recovery technique can be
used to generate completely defect-free surfaces on curved and
micro-structured workpieces of single-crystal silicon.

2. Process modeling

2.1. Laser recovery mechanism

amorphous silicon has a remarkably higher laser absorption 

than crystalline silicon, there is sufficient absorption of laser in
near-surface layer to form a liquid thin film (b). The liquid layer
a much higher absorption rate, thus becomes thicker and thic
(c). The top-down melted liquid phase finally extends below
dislocations/microcracks (d). After the laser pulse, environme
cooling results in bottom-up epitaxial growth from the defect-
bulk region which serves as a seed for crystal growth (e). In 

way, a perfect single-crystal structure identical to the bulk reg
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Nano-second pulsed laser irradiation was used to recover machining-induced damage under cu

surfaces of single-crystal silicon. Microstructural changes of silicon due to laser irradiation w

characterized by cross-sectional transmission electron microscopy and laser micro-Raman spectrosc

The recoverable damage depth was predicted by finite element modeling of laser-induced tempera

change in the workpiece material. Slanted irradiation experiments were performed and the cri

surface inclination angle for complete recovery was experimentally obtained. The results demonst

that atomic-level subsurface integrity and nanometric surface roughness can be achieved on la

curvature silicon surfaces, such as the surfaces of toroidally shaped wafer edges.
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Fig. 1. Schematic diagram of laser recovery mechanism.
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Typically, precision machining-induced subsurface damage of
silicon includes an amorphous layer (a few tens of nanometers in
thickness) and dislocations/microcracks (a few submicrons in
depth) under the amorphous layer [2,3]. The proposed laser
recovery mechanism is schematically shown in Fig. 1. Since
line
wth
ser
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will be obtained (f). Moreover, due to the surface tension effec
the liquid layer during silicon melting, an initially rough sur
may become smooth after crystal regrowth (b)–(f). Theref
improvement in both surface quality and subsurface integrity m
be realized at the same time.

The key point in this technique is that the defect-free crystal
bulk region serves as a seed for the bottom-up epitaxial regro
[4]. This makes laser recovery process different from other la
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essing techniques such as laser polishing/machining [5–7],
r melting [8] and laser annealing [9]. For example, in laser
aling, laser is used to crystallize sputtered, ion-implanted or
r-deposited amorphous silicon thin films on substrates of

s, sapphire, etc., where no lattice-matched crystal seed exists.
 result, poly-crystal structures are formed.

FEM analysis of laser-induced temperature change

n laser recovery, it is essential to make the depth of melted
kpiece material larger than that of the deepest dislocations and
ocracks. To establish the relationship between melted depth
laser power, finite element method (FEM) analysis of laser-
ced temperature change was performed using Comsol Multi-

sics software. Fig. 2 shows an FEM model we used, which is
posed of a thin amorphous layer (a-Si) on crystalline bulk (c-
ifferent thermal and optical properties were given to a-Si, c-Si,
liquid silicon according to literature [10]. The equations for

r intensity attenuation with laser penetration depth are given
g. 2, where I is laser intensity, z penetration depth, da thickness
-Si (50 nm in this case), R reflection coefficient, and a
rption coefficient (determined by laser wavelength l and

nction coefficient k [10]). The subscripts a and c refer to a-Si
c-Si, respectively. The function of heat conduction is also given
g. 2, where r is density, Cp specific heat, T temperature, t time, k

 conduction coefficient, and Q quantity of heat.
n example of simulated temperature change with time during
gle laser pulse is shown in Fig. 3. Right after the laser pulse is
iated on the surface, surface temperature rises sharply (b) and

high-temperature region extends rapidly downward into the

bulk region (c). Then after the laser pulse, heat keeps to transfer to
surrounding regions, causing the temperature of the near-surface
layer decease gradually (d). It is this kind of heating-cooling cycle
that enables the top-down melting and bottom-up crystal growth
shown in Fig. 1. Fig. 4 shows temperature changes at different
depths (0–250 nm) from the surface at various laser energy
densities. It can be seen that the depth of melted region, where
temperature is higher than the melting point of a-Si (Ta-Si, 1420 K)
and c-Si (Tc-Si, 1688 K), is strongly dependent on laser energy
density. In Fig. 4(a), where laser energy density is 0.10 J/cm2, only a
thin layer of a-Si (<50 nm) can be melted. In Fig. 4(b), however, the
c-Si region at a depth of 150 nm can be melted. Then in Fig. 4(c),
where laser energy density is 0.65 J/cm2, the melted depth
becomes larger than 250 nm. The FEM simulation assists selection
of laser power for recovering damage at various depths.

Fig. 2. FEM model for laser-induced temperature change.
Fig. 3. FEM simulated temperature change during a laser pulse.

Fig. 4. Temperature changes at various depths from surface at different laser energy

densities: (a) 0.10 J/cm2, (b) 0.30 J/cm2 and (c) 0.65 J/cm2.
3. Experiments

Laser recovery tests were carried out using a laser system which
employs a flash lamp-pumped Nd:YAG rod in a thermally
compensated three bar invar resonator to generate radiation at
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1064 nm. The 1064 nm laser pulse passes through an angle-tuned
KTP crystal and generates the second harmonic at 532 nm. The
second harmonic was selected because the penetration depth of
laser light at this wavelength is 70 nm into a-Si and 1 mm into c-Si,
which matches the depth range of machining damage. The laser
pulse duration is 3–4 ns. The laser beam was shaped to a square
section of �50 mm � 50 mm using XY apertures. The laser
oscillator was mounted onto a specially developed four-axis
(XYZu) numerical controlled precision stage made of ceramics. The
XY tables of the stage were driven by linear motors on air slides and
feedback-controlled by linear scales with a resolution of 0.1 mm.

Silicon wafers prepared by diamond grinding (abrasive grain
size 2–4 mm) were used as workpiece. Laser irradiation was
performed on both the flat surfaces and the curved edges of the
wafers. In order to examine the microstructural changes caused by
laser irradiation, a laser micro-Raman spectrometer, JASCO NRS-
3100, and a transmission electron microscope (TEM), Hitachi
HF2000, were used to characterize the samples. The ion milling
technique was used to prepare the TEM samples.

4. Results and discussion

4.1. Effect of laser energy density

Firstly, the laser beam was perpendicularly irradiated on a flat
surface of a silicon wafer to investigate the effect of laser energy
density. Fig. 5(a) is a cross-sectional TEM micrograph of a sample
before laser irradiation. Grinding-induced damage involving an
amorphous layer (depth �50 nm) and dislocations (depth
�200 nm) can be clearly identified. Fig. 5(b) is a TEM micrograph
of a sample irradiated at laser energy density of 0.30 J/cm2. A
residual dislocation is observed under the surface although the
damage in adjacent region has been almost recovered. This result
indicates that laser energy density in this case is sufficiently high to
melt the near-surface amorphous layer but too low to melt the
dislocation in a deeper region (�200 nm). As a result, the residual
dislocation grows up to the surface during the bottom-up crystal

growth. However, at laser energy density of 0.65 J/cm2 (Fig. 5
the subsurface damage has been completely recovered. Th
results agree with the FEM simulation results in Section 2.2.

4.2. Effect of surface inclination angle

Laser reflection ratio and laser energy density distribution o
surface will change with the inclination angle and curvature of
surface. Next, the laser beam was inclined at various angles to
wafer surface to investigate effect of surface inclination
subsurface damage recovery. Fig. 6 shows Nomarski microgra
of laser-irradiated samples and plots of Raman intensity ratio
which is an indication of crystallinity [11]. A slight color chang
seen after laser irradiation and the shape of irradiated reg
changes from a square (a) to trapezoids (b)–(d) due to laser be
broadening when the beam is slanted. The measurement of Ram
intensity ratio r was performed across the laser irradiated regi
as indicated by the arrows in the micrographs. When 

inclination angle is lower than 458, r is high (�0.9) and const
indicating that the a-Si layer has been completely transformed 

single crystal. However, at the 608 inclination angle, as show
Fig. 6(d), r drops gradually at the lower region, indicating 

Fig. 6. Surface micrographs and plots of Raman intensity ratio at inclination ang

(a) 158, (b) 308, (c) 458 and (d) 608.
Fig. 5. Cross sectional TEM micrographs of (a) unirradiated surface and laser

irradiated surface at energy densities of (b) 0.30 J/cm2 and (c) 0.65 J/cm2.

Fig. 7. Raman mapping of surfaces irradiated at an inclination angle of 608 and

energy densities of (a) 0.30 J/cm2 and (b) 0.65 J/cm2.
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age recovery in this region is incomplete. This result indicates
 surface inclination should be controlled below a certain
cal angle for recovering curved surfaces. Otherwise, a higher
r energy density will be required. Fig. 7 shows Raman intensity

 mapping of surfaces irradiated at 608 inclination angle and
rent laser energy densities. In Fig. 7(a), the lower part of the
iated region remains unrecovered, whereas in Fig. 7(b), the

re region was uniformly recovered.

Laser recovery of large-curvature surface

inally, laser irradiation was performed on silicon wafer edges
vestigate the laser recovery characteristics of large-curvature

aces. Fig. 8 schematically shows the cross section of a wafer
, which has a toroidal surface with varying curvatures. In this
y, the laser beam was directed to the edge surface from three
ctions using a specially developed laser scanning system,
re surface inclination angle is controlled to be smaller than the
cal angle. Fig. 9 shows micrographs of a laser irradiated wafer
. After laser irradiation, grinding marks and micro pits

ppeared and the surface became distinctly smoother.

ig. 10 is a cross-sectional TEM micrograph of the boundary
een irradiated and unirradiated regions. In the unirradiated

on, under diamond-ground surface, there is an amorphous
r below which are dislocations. In the laser irradiated region,
ever, both the amorphous layer and the dislocations were not
rved. A perfect single-crystal structure identical to that of the

 material has been achieved. From the TEM result, we can also

see that the surface became remarkably smooth after laser
recovery. Fig. 11 is a three dimensional surface topography of
the wafer edge. The surface roughness after laser recovery is
�2 nm Ra, demonstrating that atomic-level subsurface integrity
and nanometric surface roughness were achieved at the same time.

5. Conclusions

Nano-second pulsed laser was used to recover grinding-
induced damage in silicon. The recoverable damage depth was
predicted by FEM simulation. Laser recovery tests of slanted and
curved surfaces were performed and the critical conditions for
complete recovery were experimentally found. The results
demonstrate that atomic-level subsurface integrity and nano-
metric surface roughness can be achieved on large-curvature
toroidally shaped silicon surfaces by laser recovery. This process
involves no material removal, no emission and no pollution, thus
provides an effective new approach for ultraprecision manu-
facturing.
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