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A B S T R A C T

Surface exfoliation was observed on single crystal silicon surface irradiated by Intense Pulsed Ion Beam (IPIB). As
the strong transient thermal stress impact induced by IPIB was mainly attributed to the exfoliation, a micro scale
model combined with thermal conduction and linear elastic fracture mechanics was built to analyze the thermal
stress distribution along the energy deposition process. After computation with finite element method, J integral
parameter was applied as the criterion for crack development. It was demonstrated that the exfoliation initiation
calls for specific material, crack depth and IPIB parameter. The results are potentially valuable for beam/target
selection and IPIB parameter optimization.

1. Introduction

During the past several decades, material surfaces and thin layers
modification with intense pulsed ion beams (IPIB) has been a novel
technique [1–3]. IPIB are energetic charged ion beams with high in-
tensity (1–104 A/cm2), short pulse duration (≤1 μs) and high in-
stantaneous power density (106–1010W/cm2). Due to the fast energy
deposition on the material surface, it results in fast temperature rise (up
to 1010 K/s [4]), melt, vaporization, sublimation, ablation, re-
solidification, recrystallization and shock wave. Therefore, IPIB has
been proved promising in material surface enhancement [5], polishing
[6], mixture [7], film deposition [8] and nanopowder synthesis [9].

However, after IPIB irradiation some microstructures including
micro scale cracks [10], craters [11] and exfoliation [12,13] may be
introduced. Among them, the exfoliation, as the result of interlaminar
fracture initiation and propagation will reveal the material substrate
and facilitate the erosion and secondary fracture because of the stress
concentration. Even though sometimes interlaminar fractures may not
cause exfoliation, their existence may significantly reduce the adhesive
strength between the surface layer and substrate, thus affect the ma-
terial performance. Therefore, it becomes important to understand the
generation mechanism of interlaminar fracture.

To explain the crack generation, shock wave theory was applied
[14] after it was theoretically predicted [15,16] and experimentally
observed [17]. After IPIB energy is deposited into the surface layer
rapidly, high-gradient temperature and stress field can be formed.
Shock wave with pressure at several GPa is thus generated and plays a
dominant role in sub-layer modification. An accurate theory later was
proposed as a criterion of shock wave generation [18].

Nevertheless, shock wave will not necessarily lead to interlaminar
fracture or exfoliation. Instead, shock wave sometimes facilitates the
enhancement of microhardness [14,19] within the modified region. In
that case, the interaction between the thermal shock wave and target
material should be taken into consideration. It is of great necessity to
develop an effective method, which can enable one to judge the pos-
sibility of the interlaminar fracture initiation in a specific combination
of IPIB and target material before practical application.

The purpose of this work is to build such an accurate analytical
model, which will be useful to better understand the mechanism of the
surface crack and exfoliation. Eventually, optimization of IPIB para-
meter and rationalization of target material will enable one to avoid
these undesirable microstructures. To specifically investigate the ex-
foliation mechanism, single crystal silicon was purposely chosen as the
sample in both of experiment and simulation for the following two
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reasons. On one hand, single crystal materials exclude various un-
certainties, such as impurity, grain structure, grain boundary, surface
roughness, etc., which may bring other possibilities to the beam-target
interaction and make the stress release process complicated. On the
other hand, silicon is a typical brittle material, which absorbs relatively
little energy prior to fracture without plastic deformation. In this way, it
can be beneficial to theoretical analysis if the energy can be efficiently
used and the fracture occurrence can be maximized under IPIB irra-
diation.

2. Experiment

Specimens of high purity single crystal silicon (100) were me-
chanically polished and cut into pieces manually at dimension of
10×10×1mm3. Then they were cleaned ultrasonically with acetone.
The irradiation experiment was carried out with TIA-450 accelerator at
College of Materials Science, Shenyang Ligong University. Typical wa-
veforms of IPIB parameters are demonstrated in Fig. 1. The beams from
the accelerator consist of 70% Cn+ and 30% H+, and the ion energy,
pulse duration (full width at half maximum) current density and max-
imum cross-sectional energy density are 250 keV, 100 ns, 180 A/cm2,
1.0 J/cm2, respectively. After multiple shots of IPIB irradiation, sample
surface morphology was characterized with optic microscope, scanning
electron microscope (SEM) on Hitachi S-4800 and atomic force mi-
croscope (AFM) on Agilent 5100 in different scales.

3. Theoretical modeling

3.1. Finite element method simulation

For finite element method, it is of great importance in fracture
mechanics analysis to define the load applied onto the study object first.
Afterwards, the main idea is to get the stress distribution around the
crack tip within a specific area and use an appropriate criterion to as-
sess the possibility of crack growth. Some simulation details are re-
ferred in Fig. 2. Worth to mention, considering the thermal loading
mode in this case, simple mode I loading is taken into consideration.

Basing on the result of ref. [20,21], the defect density in single
crystal silicon was estimated to be lower than 109/cm3. As shown in
Fig. 3, a 10×10 μm2 silicon square on the sample surface was studied.
A micro scale notch with 2 μm length, 0.2 μm height and 3 μm depth on
the upper left corner was preset in the square. Calculated from the
above defect density value, the initial number of original defects within
this area should be no more than one. The notch stands for the potential
crack source which probably evolved from the original defect through
defect generation, migration and nucleation [22,23]. Crack source
produced in the above-mentioned process will be at least 200 nm, and
probably get larger size after multiple shots of IPIB irradiation.

Therefore, crack sources with length varying from 2 to 5 μm were uti-
lized in this model for analysis. According to [24], the crack opening
angle can significantly affect the value of the critical stress intensity
factor. That’s why a U-type notch was used rather than a V-type one. To
make sure the path-independence and validity of J integral, the height
of the crack source is restricted to be smaller than 1 µm.

In this work, as thermal stress induced by IPIB is the applied load,
the thermal conduction process should be taken into consideration.
Thus, Fourier heat conduction equation was adopted as the governing
equation:

∂
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2
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where ρ, Cv, λ, T , t and P are the mass density, specific heat, thermal
conductivity of the target, temperature, time and input energy to be
defined below, respectively. The first three of them are temperature
dependent parameters. ∇2 is Laplace Operator in the two-dimensional
space. Worth to mention, as the maximum temperature in this case was
below the melting point of silicon, surface phase change was not taken
into account.

According to our previous work [25], the external heat source term
P(x, y, t) induced by IPIB was defined as:

=x y t U x d y g tP( , , ) ( )· ( )· ( ) (2)

Here x y tP( , , ) is the power density distribution on the target induced
by IPIB. U(x) is the cross-sectional energy distribution function, which

Fig. 1. Accelerating voltage and current density waveforms of IPIB from TIA-450.

Fig. 2. Schematic diagram of the simulation procedures.

Fig. 3. Geometry schematic of single crystal silicon irradiated by IPIB with a notch sur-
rounded by a J integral path.
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