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a b s t r a c t

A thermodynamic model of the evolution of microcracks in silicon caused by helium and hydrogen co-
implantation during annealing was studied. The crack growth rate relies on the amount of helium atoms
and hydrogen molecules present. Here, the crack radius was studied as a function of annealing time and
temperature, and compared with experimental results. The mean crack radius was found to be propor-
tional to the annealing temperature and the helium and hydrogen implanted fluence. The gas desorption
should be considered during annealing process.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen and helium ion co-implantation in silicon can effec-
tively fabricate silicon-in-insulator (SOI) wafers, called the Smart-
cut process [1,2]. Due to hydrogen being more efficient in interact-
ing chemically with the implantation damage and creating H-sta-
bilized microcracks. He can induce a high pressure in the
microcracks [3]. It has been reported that fluences of
1 � 1016He+/cm2 + 0.75 � 1016H+/cm2 can effectively induce layer
splitting, while a fluence of 5 � 1016H+/cm2 is needed for H implan-
tation alone [4]. Therefore, it greatly decreases the H fluence
needed for layer splitting. There are many studies on the thermal
evolution of the Smart-cut process as the function of fluence,
annealing temperature, annealing time, and order of implantation
[5,6]. It has been shown that the mechanism of the growth of
microcracks is related to the amount of trapped atomic and molec-
ular hydrogen and trapped helium in the microcracks. A high pres-
sure in the microcracks can lead to the growth of the microcracks
into microvoids and an eventual intersection of the microvoids to
form two continuous internal surfaces. The time required to form
hydrogen-induced splitting after bonding is about ten times longer
than the time required to form hydrogen-induced surface blisters
in unbonded samples, while the activation energies of the two pro-
cesses are the same [7]. Han and Yu [8] reported a model to esti-
mate the hydrogen-implantation for the growth of hydrogen-
blisters and wafer splitting with the fluence, annealing time and
temperature. Here, we establish the thermodynamic model of the

Smart-cut process with the consideration of the growth of the
microcracks in He and H co-implanted silicon, and compared the
model with the experimental results.

2. Experiment

The present data of Czochralski grown, n-type, 0.01–0.09 X cm
(1 0 0) Si wafers, implanted with an energy of 30 keV He to a flu-
ence of 3 � 1016He+/cm2 at 600 K followed by an energy of
24 keV H to a fluence of 2 � 1016H+/cm2 at room temperature
was used. In the experiment, the current densities of He and H
were 0.8 and 0.5 lA/cm2, respectively. These energies were chosen
according to TRIM calculations in order to guarantee maximum
implantation profile overlap [9]. The samples were annealed in a
flux of N2 atmosphere at temperatures ranging from 623 and
1073 K for 30 min, or a time ranging from 5 to 60 min at 773 K.
In order to precisely control the annealing process, the furnace
temperature was preset before the samples were put in and the
samples were taken out of the furnace quickly after finishing
annealing. The surface morphologies, such as blisters or craters, ap-
peared after appropriate annealing. Such features were detected by
using an optical microscope and atomic force microscope (AFM).

3. Results and discussion

He implantation can introduce a lot of vacancies and intersti-
tials. During successive H implantation, the H ions may chemically
interact with broken silicon bonds to form hydrogenated com-
plexes, Si–H. During annealing, He atoms can diffuse into vacancies
and the activation energy of this process is about 0.96 eV [10]. In

0168-583X/$ - see front matter � 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nimb.2009.12.009

* Corresponding author.
E-mail address: b.s.li@impcas.ac.cn (B.S. Li).

Nuclear Instruments and Methods in Physics Research B 268 (2010) 555–559

Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /n imb

http://dx.doi.org/10.1016/j.nimb.2009.12.009
mailto:b.s.li@impcas.ac.cn
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb


addition, some trapped hydrogen atoms dissociate from Si–H com-
plexes and then diffuse into vacancies to form hydrogen molecules.
Due to vacancies containing a lot of helium atoms and hydrogen
molecules, vacancies will grow up with annealing and finally form
microcracks observable by transmission electron microscopy. Suf-
ficient pressure is exerted on the inner walls of microcracks, lead-
ing to microcracks anisotropically growing and overlapping when
the pressure at the microcrack edges exceeds the fracture limit of
silicon. According to fracture mechanics [8,11], we treat the helium
and hydrogen-induced subsurface microcrack as a penny-shaped,
as shown in Fig. 1. The microcrack edge is taken to be circular of
radius a and the opening displacement profile of the microcrack
face is

uz z ¼ �0; rð Þ ¼ �a
4p 1� m2
� �

Ep

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2=a2

q
; ð1Þ

where a is the radius of a microcrack, p is their internal pressure, m is
the Poisson ratio and E is Young’s modulus. When the internal pres-
sure p is not smaller than the fracture limit of silicon, the volume of

the blister will expand for the helium and hydrogen agglomeration.
Therefore, we speculate that the internal pressure p keeps a con-
stant that equals the fracture limit of Si wafer. By integrating Eq.
(1) over the total crack area, the volume of the crack is

vðaÞ ¼ 16
3

1� m2� �
a3p=E: ð2Þ

The growth of a microcrack is controlled by the stress applied to
the surface of the microcrack. Helium atoms can easily diffuse into
microcracks with an activation energy EHe of 0.96 eV. A trapped
hydrogen atom dissociates from a hydrogen complex Si–H with
an activation energy Ea of 1.8 eV, and diffuses with an energy Ed

of 0.48 eV into microcracks. If the helium fluence is UHe and hydro-
gen-implantation fluence is UH before annealing, the released he-
lium fluence is DUHe under annealing, then the rate of He
agglomeration in the implanted region is

oDUHe

ot
¼ �k1DUHe; ð3Þ

where k1 is the reaction rate constant expressed as

k1 ¼
1
s

exp � EHe

kBT

� �
; ð4Þ

where T is the annealing temperature, kB is Boltzmann constant and
1/s is the helium vibration frequency in an interstitial site about
2 � 1013 s�1. The release hydrogen fluence is DUH under annealing,
and then the rate of hydrogen generation from the implanted region
is

oDUH

ot
¼ �k2DUH; ð5Þ

and the reaction rate constant is

k2 ¼
1
s

exp � Ea þ Ed

kBT

� �
; ð6Þ

where s is the phenomenological parameter about 10�12 s relating
to the stretching frequency of the dissociating Si–H bond. Let

Fig. 1. Schematic of the formation of a microcrack with the radius a locates in a
helium and hydrogen-co-implanted silicon wafer. Meanwhile, a blister of radius R is
suspended over the microcrack. The depth of the microcrack is t.

Fig. 2. Optical microscopic surface images of the helium and hydrogen co-implanted sample after thermal annealing at 773 K with different time.
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