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The stress damage process of a single crystal silicon wafer under millisecond laser irradiation is studied by experi-
ments and numerical simulations. The formation process of low-quality surface is monitored in real-time. Stress
damage can be observed both in laser-on and -off periods. Plastic deformation is responsible for the first stress
damage in the laser-on period. The second stress damage in the laser-off period is a combination of plastic de-
formation and fracture, where the fundamental cause lies in the residual molten silicon in the ablation hole.
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Laser drilling is of great importance in modern industry
due to its advantages, including low cost, fast speed,
and no contact[1]. The studies of laser drilling have been
mainly devoted to the femtosecond laser and nanosecond
laser, and very few studies relate to the millisecond laser.
This is because the processing quality induced by the
short-pulse laser is much higher than by the millisecond
laser[2–4]. However, the laser energy is easily shielded and
wasted due to air breakdown and plasma[5,6]. The millisec-
ond laser has some distinctive features: larger pulse energy
and high efficiency of energy coupling. The processing
quality may be improved if the interaction mechanisms
can be comprehensively understood. Previous investiga-
tions of millisecond laser drilling have focused primarily
on metallic materials. In these cases, melting and ablation
are the main damage mechanisms. The processing quality
is mainly described by the keyhole[7,8]. If the drilling proc-
ess is performed in silicon, stress damage becomes another
important damage mechanism, which greatly reduces
processing quality.
In order to analyze the damage process, both experi-

mental and numerical methods have been widely used.
Li et al. had given time-resolved surface temperature of
millisecond laser irradiated silicon to study the tempera-
ture field. The heating process can be well described by a
finite element model[9]. Wang et al. had investigated the
thermal stress using an axisymmetric model, where the
crystal silicon was treated as isotropic material. The crack
distribution was also investigated[10]. Choi et al. built a
more complex three-dimensional model and took the crys-
tal structure into account[11]. Their analyses are all based
on the final damage morphology, which is observed after
the experiment, and are not comprehensive due to the
neglected dynamic ablation process. Real-time monitoring
is a direct way to observe the dynamic damage process.
In this Letter, the dynamic formation process of the
low-quality surface is investigated by real-time

monitoring. It is more thorough in understanding the
damage process by combining the experimental results
and the numerical analysis.

The experimental setup is schematically shown in Fig. 1.
The 1080 nm irradiation laser operating at the transverse
electromagnetic (TEM00) mode is normally incident onto
the front surface of the {001} silicon wafer. The beam size
(1∕e2 radius) at the surface is about 1 mm, and the pulse
width is 1 ms. The sample used is a single crystal silicon
wafer with the front surface mirror polished, and the
thickness is ∼300 μm. The probe beam from a continuous
semiconductor laser is obliquely projected to the irradi-
ated zone, and the reflected light is recorded with a
CCD system. The optical distribution contains the chang-
ing information of the irradiated zone. The CCD (expo-
sure time of 10 μs and sampling interval time of 2 ms)
takes the first image at 1 ms, and the total record time
is 1 s.

The series of representative patterns are shown in Figs. 2
and 3. The processes can be divided into two cases:

Case 1: the laser energy density ranges from 0 to
23 J∕cm2, as shown in Fig. 2. Images are taken at 1 ms
when the laser irradiation ends. These patterns remain un-
changed in the laser-off period. No damage is found when
the laser energy density is lower than 19 J∕cm2. The dark

Fig. 1. Experimental setup for testing damage.
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spot, as shown in Fig. 2(a), is the first damage. When the
laser energy density is larger than 23 J∕cm2, the spot
center melts and becomes smooth. In fact, stress damage
prior to melting is responsible for the dark spot.
Case 2: the laser energy density is far above the melt

threshold, as shown in Fig. 3. When the pulse ends, the
spot center has melted and become smooth. The outer
dark ring indicates the stress damage region. After lasting
for a period (∼300 ms), another dark spot could be ob-
served in the center [Fig. 3(b)]. Afterward, the dark spot
becomes much larger. The flat region outside the dark ring
also becomes uneven [Fig. 3(c)]. In the end, cracks are ob-
served [Fig. 4(d)]. Some fragments flake off the cracks.
The whole damage process lasts for ∼735 ms, which is
far longer than the pulse width.
To get further knowledge of the experiment results, the

thermal process of the millisecond laser irradiated silicon
is numerically calculated by the finite element method.
The incident laser beam has a Gaussian shape with a
radius of 1 mm. The silicon wafer is 6 mm in radius
and 0.3 mm in thickness.
The temperature is obtained by solving the thermal

conduction equation:

ρc
∂
dt

T þ ∇·ðkTÞ ¼ Q; (1)

where ρ, c, and k are the density, specific heat, and ther-
mal conductivity, respectively. Q is the laser heat source,
which can be described by

Q ¼ αPð1− RÞ exp
�
−2

x2 þ y2

w2
0

�
expð−αzÞ; (2)

where P is the laser peak power density at the spot center,
R and α are the surface reflectivity and the optical absorp-
tion coefficient, respectively.

The equivalent specific heat capacity is used to
deal with latent heat due to phase transitions:
Cp;eff ¼ Cp þ LmDm, where Lm is latent heat of fusion,

Dm ¼ exp½ðT−TmÞ2∕ΔTmÞ2���
π

p
ΔTm

is a pulse function located at melt-

ing point Tm, and pulse width ΔTm is set to 10 K.
For the boundary condition, heat loss caused by convec-

tion and surface to ambient radiation are considered:

−k∇T ¼ hðT0 − TÞ þ εσðT4
0 − T 4Þ; (3)

where h is the heat transfer coefficient, ε is the surface
emissivity, and σ is the Stefan–Boltzmann constant.

In (001) silicon with three axes at [100], [010], and
[001], the relationship between strain and stress can be
expressed as
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where fτgT ¼ ½σx ; σy; σz ; τxy; τyz ; τzz � is the stress tensor,
and fεgT ¼ ½εx ; εy; εz ; γxy; γyz ; γzz � is the strain tensor. αT
is the thermal expansion coefficient, andΔT is the temper-
ature rise. E, G, and ν represent Young’s modulus, shear
modulus, and Poisson’s ratio, respectively. E is assumed
to be 1 × 106 in liquid silicon (∼1 × 1011 in solid state)
to describe the stress release caused by phase transition.
The physical properties of silicon used in the simulation
can be found in our previous work[10,12].

The laser energy density is set to 28 J∕cm2 to get a com-
parison with the experiment in Fig. 3. The simplest
description of the damage process will be made in this

Fig. 2. Real-time images induced by different laser energy
densities for (a) 19 and (b) 23 J∕cm2, respectively. (c) and
(d) Corresponding morphological images taken by an optical
microscope (OM) after experiment.

Fig. 3. (a)–(d) Real-time images at different times. The laser energy density is 28 J∕cm2. (e) the morphological image taken by the OM
after the experiment.
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paragraph. Figure 5(a) shows the temperature of the spot
center and von Mises stress along the X axis. The temper-
ature and thermal stress keep increasing until melting
occurs. The thermal stress sharply drops to zero when
melting occurs. The highest temperature in the spot center
has reached 1900 K, which is lower than the vaporization
point (3538 K), so the molten liquid will not be squeezed
out by recoil pressure. After 1 ms irradiation, the liquid
silicon cools rapidly to the melting point and releases la-
tent heat, while the temperature maintains at 1685 K, and
a liquid–solid phase change plateau is formed. This phase-
transition time is ∼ 0.3 ms, which is far less than the ex-
perimental result (∼300 ms). The difference is caused by
stress damage prior to melting. The crystal structure is
damaged by thermal stress first, so the absorption of
the laser becomes larger than that of ideal crystal. The
molten pool at 1 ms should be larger than the result from
simulation. Therefore, a longer solidification process is
formed.When liquid silicon solidifies to a solid state, stress
appears again and releases gradually.
A more accurate description of stress damage should

consider both the temperature-dependent properties
and the crystal structure of silicon. Silicon is a brittle
material at room temperature, which means that its
behavior is purely elastic until it fails. When laser heating
begins, the spot center has the highest thermal stress. If
the stress exceeds yield strength, the crystal structure
will be destroyed. When the spot center reaches
Tbd (∼800 K), the maximum thermal strain is εmax ¼R
800
293 αTdT ≈ 1.3 × 10−3, and the maximum thermal stress

is τ ¼ E110εmax ≈ 220 MPa. The yield strength of
dislocation-free silicon is ∼3.8 GPa[13]. Therefore, a frac-
ture will not happen in this process. Silicon exhibits a plas-
tic behavior above Tbd. The microscopic fracture studies
have shown that there is hardly any dislocation below the
Tbd and a huge number of dislocations above Tbd. Then,
the transition phenomenon can be explained as a shift in
the mechanism from the breaking of covalent bonds be-
tween atoms to multiplication and propagation of disloca-
tions[14]. In other words, the stress damage above Tbd

behaves as plasticity. Slip is the main mechanism of plastic
deformation in crystal silicon. The question whether slip
happens before melting has been solved by comparing the
resolved shear stress and the yield strength of possible slip
systems. It has been demonstrated that slip always takes
place prior to melting when silicon is under millisecond
laser irradiation, so the dark spot in real-time images
means the plastic region[15]. The plastic region has no ob-
vious anisotropic characteristic, although slip is direc-
tional. This is caused by the approximately isotropic
motion of dislocations for there are at least 12 possible slip
systems.

When melting occurs, thermal stress decreases, and the
plastic region stops enlarging. When molten liquid solid-
ifies, the spot center still has the largest thermal stress,
and plastic deformation takes place again. The new plastic
region enlarges and eventually reaches the old plastic ring,
as shown in Fig. 3(c). Then, the surface morphology stays
unchanged for ∼ 300 ms until fracture happens. The un-
changed morphology in this process can be explained as
a shift of stress releasing mechanism from dislocation
propagation to dislocation block. The temperature on
the front surface decreases from the spot center radially.
In the high temperature region, dislocation multiplication
and propagation make the plastic region enlarge, while in
the low temperature region, dislocation is hard to move
due to its strong temperature dependence. The dislocation
block is responsible for not only the area of the plastic
region but also subsequent fracture. As discussed above,
during the heating process, the thermal stress is too low
to introduce fracture. However, during the cooling proc-
ess, the dislocation block makes the stress concentration
at the rim of plastic region[16]. On the other hand, the in-
troduction of plasticity greatly reduces fracture strength.
When the temperature decreases below Tbd, fracturing
happens. This process is evidenced by real-time monitor-
ing. Figure 6 shows the images just before fracturing
happens. The central area stays unchanged, while the dif-
ference is found in the dashed frame. A vague shape of
cracks is formed in Fig. 6(b), and it develops into cracks

Fig. 4. Simulation model of a silicon wafer under laser
irradiation.

Fig. 5. (Color online) (a) Temperature of spot center and (b) von
Mises stresses along the X axis at 0.7, 1, 1.1, and 1.3 ms,
respectively.

Fig. 6. Images just before fracture. The experiment is the same
as that of Fig. 3.
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in 2 ms. The observation shows that stress is always re-
leasing through plastic deformation before fracturing
happens
The position of the fracture is also interesting due to

unique stress distribution. In the experiment, the radius
of the plastic region is ∼0.5mm (half of the beam radius).
So, an analysis will be made based on the concentric circle,
as shown in Fig. 7(a). The concentric circle has the same
temperature and yield strength but different resolved
shear stress. The resolved shear stresses along the concen-
tric circle at 1.5 ms are shown in Fig. 7(b). With cubic
symmetry, we can only consider 3 slip systems:
(111)[110], (111)[101], and (111)[011][17]. The maximum
shear stress is not in the<110> directions. The deflection
angle is ∼25°. Once a fracture occurs, cracks tend to
maintain on its original planes. Therefore, cracks do not
pass through the spot center, as shown in Fig. 3(e).
The linear cracks can also turn into circular cracks at
the rim of the plastic region because the fracture strengths
are much lower in the plastic region than in the ideal
region.
Once vaporization occurs, the molten liquid will be

squeezed out. As shown in Fig. 8(a), although an ablation
hole has been formed, cracks are also introduced during
the cooling process. Some of the molten liquid is squeezed
from the molten pool and deposits at the periphery, which
corresponds to the white ring around the ablation hole.
The thickness of the molten liquid layer is ∼100 μm, which
is comparable to the thickness of the silicon wafer
(300 μm). So, the solidification process of molten liquid
has great influence on the substrate.
The thinner the molten layer, the less there is an effect

on the substrate. During the ablation process, the laser

energy is mainly absorbed by the surface layer of molten
liquid, and then it is free to diffuse to greater depths via
thermal conduction. Therefore, the thermal diffusion
length plays an important role in the thickness of molten
liquid. For the millisecond laser, the thermal diffusion
length is ∼250 μm, while for the nanosecond laser, the
thermal diffusion length can be reduced to ∼10 μm[18].
Then, the effect of the molten layer on the substrate
can be reduced to the least extent. Figure 8(b) shows
the surface morphology induced by a nanosecond laser.
The damage morphology characteristic is surface layer
damage. The molten liquid solidified at the rim of the abla-
tion hole, and no crack is observed.

In conclusion, the damage process of a single crystal sil-
icon wafer under millisecond laser ablation is studied by
experiments and numerical simulations. Stress damage
happens both in the laser-on period and laser-off period.
In the laser-on period, plastic deformation happens first,
and the plastic region is larger than the ablation hole. In
the laser-off period, the solidification of molten liquid
causes a second stress damage, which is more serious than
the previous one. The second stress damage is caused by
thick molten liquid and seems possible to avoid by removal
of the molten liquid. However, the first plasticity can be
suppressed only when the laser pulse is less than ∼14 μs[15].
So, it is very promising to combine two different pulses to
improve processing quality and efficiency. The research
provides a better understanding of the formation process
of low-quality surfaces under millisecond laser ablation
and it offers theoretical and experimental basis for
further application of the millisecond laser.
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