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H and He ion implantations allow the formation of nanocracks within controlled subsurface depths
in semiconducting materials. Upon annealing, crack propagation and coalescence provides a way of
cutting monocrystalline thin films. Here, the mechanisms of coalescence by crack-tip interactions
are depicted in �001� Si wafers. Starting from overpressurized He-cracks, subcritical propagation
was activated by diffusional H. Nanocrack interaction can occur by elastic forces, causing tip
folding, or by plastic deformation forming extended defects. These observations are discussed and
modeled using elasticity and fracture mechanics. The model suggests that kinetic effects in the
cutting process depend on the crack interplanar separations. © 2010 American Institute of Physics.
�doi:10.1063/1.3290249�

Hydrogen induced cracking in semiconducting materials
has been extensively studied in correlation with thin layer
transfer techniques.1–8 Particularly, the formation of cracks
lying parallel to the surface and confined to a narrow region
within the substrate has been investigated by H �Refs. 1–5�
and H+He ion implantation6,7 or by plasma hydrogenation
methods.8 Upon annealing or continuous hydrogenation,
crack propagation and coalescence leads to a continuous
fracture along the substrate, resulting in the separation of the
material overlayer. In combination with wafer bonding tech-
niques, this layer separation process enables the fabrication
of high quality silicon-on-insulator �SOI� substrates and,
moreover, revealed a versatile route for incommensurable
lattice materials integration for advanced microelectronics.3

The lattice damage and compressive in-plane stress pro-
duced by the implantation process creates the appropriate
conditions to locally trap the H atoms, as well as to induce
cracks formation parallel to the surface.5 In the case of
plasma based techniques, H trapping sites as buried strained
layers must be previously introduced in order to define the
cracking layer.8 The basic aim of such processes is to create
conditions for crack formation and propagation parallel to
the surface. In this scenario, single crystalline silicon is re-
garded as a model case material for the study of the physical-
underlying mechanisms which could be considered in three
major levels as follows: �i� formation of nanocracks, �ii� ac-
tivation of crack propagation, and �iii� interaction between
crack tips leading to cracks coalescence. The first two items
have been quite extensively investigated.1–8

In the present letter we focus on the study of nanocracks
interaction and coalescence processes in nanometer size
scale. The experiments have been designed to allow con-
trolled crack propagation, as a result from the incorporation
of H atoms into pressurized He-filled cracks9–11 previously
introduced. Transmission electron microscopy �TEM� inves-
tigations show that the interaction of cracks can be plastic or
elastic. These observations are discussed and modeled in
terms of elasticity and fracture mechanics.

The experiments were performed using p-type Czochral-
ski grown �001� Si wafers with a resistivity of 1–25 � cm.
Wafer pieces were implanted at room temperature with He+

ions accelerated at 45 keV to the fluence �=1�1016 cm−2,
and then annealed at 350 °C during 900 or 1800 s. This
procedure leads to the formation of overpressurized He-
cracks located �400 nm underneath the surface.11 Some of
the He implanted/annealed samples were additionally im-
planted at 200 °C with 30 keV H2

+ ions to the fluence �
=0.5�1016 cm−2. The predicted mean depth range of the H+

implantation is �200 nm.12 The He/H co-implanted samples
were finally subjected to a thermal treatment at 300 °C for
900 s. Microstructure characterization was performed in a
JEM 2010 TEM operating at 200 kV.

Figure 1 summarizes the microstructure evolution during
the different steps of the process. Figure 1�a� shows a cross
sectional TEM image from a sample implanted only with He
and annealed at 350 °C for 900 s. It presents two edge-on
oriented He-cracks located close to 400 nm depth. The thin
central white feature corresponds to the cavity region. The
surrounding fringes result from a strain-related contrast in-
duced by the high gas pressure inside the cavities.9–11 The
separation distance between these He-cracks typically ex-
ceeds their mean diameter of �150 nm, resulting in a dis-
crete array of structures preferentially oriented parallel to the
surface. Control samples, annealed at 350 °C for 1800 s,
show the same microstructure features suggesting that the
He-cracks are quite stable with respect to T�350 °C. Figure
1�b� provides a general view of the developed microstructure
for samples additionally submitted to the H-implantation and
annealing step. Nanosized H-platelets are observed at �200
nm depth. At the depth region originally containing the He-
cracks it is now observed a chain of long and flat cracks.
This indicates that a crack propagation process driven by a
diffusional supply of H atoms took place. Distinct crack in-
teraction effects were identified by the observation of the
crack tips structure. These interactions can be of plastic-type,
as observed by the formation of dislocations and nanotwin
structures connecting the crack tips �Fig. 2�a��, or of elastic-
type by stress field interactions resulting in deviations of
crack-tip propagation �Fig. 2�b��. In this last case, the ap-
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proaching cracks merge by redirecting the propagation direc-
tion against each other.

According to elasticity and linear fracture mechanics
concepts, an overpressurized He-crack can be defined as a
Griffith crack structure holding an internal pressure com-
prised between its thermodynamic equilibrium pressure with
the medium �peq� �Ref. 13� and the maximum pressure of
crack stability �pmax�.

14 Above pmax spontaneous unstable
crack propagation occurs.7 This process develops when the

stress intensity factor at the crack-tip, KI, overcomes the
fracture toughness KIC of the material.15 Hence, an overpres-
surized state of the He-cracks can be defined for pressures
pop in the range

peq =� 2���

�1 − ��d
� pop � pmax = KIC� 2

�d
. �1�

In Eq. �1� � is the shear modulus of the medium, � is the
Poisson’s ratio, � is the surface energy and d is the crack
diameter �for a Si matrix, �=68 GPa, �=0.22, �
=1.38 J /m2 and KIC=1.19 MPa m1/2�.7 Since spontaneous
propagation did not take place upon annealing up to 300 °C,
the internal pressure of the He-cracks can be considered to be
lower than pmax, estimated to be �2.5 GPa for a He-crack of
d�150 nm. As a consequence, the relation KI	KIC hold all
along the experiment, implying that the He-crack propaga-
tion, observed for samples additionally implanted with H,
take place under subcritical conditions. This propagation
phenomenon is particularly frequent in cases where the effect
of stress is combined with chemically active species as H
operating at the crack-tip,16 and renders a scenario that ap-
plies well to the present situation. Throughout the experi-
ments, H atoms could migrate toward the He-cracks, either
during the implantation at Ti=200 °C or during the post im-
plantation thermal treatments.

When the distance between two crack tips is sufficiently
small �below 50 nm�, complex interaction phenomena oc-
curs. Figure 2�a� shows that plastic interactions between the
crack tips block their growth by the formation of nanotwins.
This situation can be qualitatively understood in terms of the
shear stress in the lattice region between two parallel nonco-
planar approaching cracks. The stress increases as the crack
tips approaches and eventually overcome the critical stress
for twinning resulting in cooperative strain relief for both
cracks. However, when the stress between pairs of parallel
crack-tip does not satisfy the stress intensity conditions for
plastic deformation, the cracks continue to propagate. These
pairs start to interact elastically, leading to a deviation of
their propagation direction. This behavior can be predicted in
terms of the modification of the stress intensity factor com-
ponents due to the elastic forces introduced by the approach-
ing second crack. In this context, following the derivations
from Gross and Seelig,15 the modification of the stress inten-
sity factor KI from an undisturbed crack can be represented
by a factor KI

i, which also affects the driving force control-
ling the propagation kinetics. Similarly, a factor KII

i repre-
sents the antisymmetric component introduced by the inter-
action, which determines the deviation of the propagation
direction. Under near equilibrium conditions �i.e., KI

��� ��
�1−�� , see Eq. �1��, these effective interaction factors

can be expressed as

KI
i � ��
��1 +

1

8
���2�2 cos 2� − cos 4��� �2�

and

KII
i �

�

8

�2�− sin 2� + sin 4�� , �3�

where the quantity 
=� ��
1−� refers to the mechanical proper-

ties of the material, �=d /L defines an adimensional interac-
tion distance and � is the interaction angle between the two

FIG. 1. �Color online� �a� Two edge-on overpressurized He-cracks are seen
in a cross-sectional bright-field TEM image �dynamical diffraction condi-
tion, overfocus, g=004� of He-implanted Si at RT �45 keV, 1�1016 cm−2�
and annealed at 350 °C for 900 s. �b� Bright-field TEM image showing the
an overview of the microstructure after H2

+ implantation at 200 °C �30 keV,
0.5�1016 cm−2� and annealing �300 °C for 900 s�. The inset shows in
detail one platelet formed in the stopping range of H ions and the dashed
circles highlight the regions of cracks tip interaction.

FIG. 2. �Color online� Cross-sectional bright-field TEM image of the differ-
ent interactions of crack tips �a� plastic-type interaction resulting in the
formation of structural defects. �b� elastic-type interaction showing the de-
viation of the crack propagation resulting in coalescence.
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tips, as defined in Fig. 3�a�. The domains of the reduced
factors KI

i /
 and KII
i /
 as a function of � and � are graphi-

cally presented in Figs. 3�b� and 3�c�, respectively. A positive
KII

i /
 value means a repulsive interaction, resulting in the
tendency of crack-tip deviation toward opposite directions.
Reversely, negative KII

i /
 values mean attractive interaction,
causing their redirection toward each other.

For the case of parallel coplanar cracks �i.e., Z=0�,
KII

i /
 is null for any value of �, meaning that there is no
deviation of the propagation direction. At the same time,
KI

i /
 increases with �, suggesting an enhancement of the
propagation kinetics as the interacting distance decreases.
For noncoplanar cracks �i.e., Z0� the angle � increases
with �. For a sufficient large separation �i.e., small �� KII

i /

values are negligible, therefore the cracks follow an undis-
turbed straight propagation. As the interaction distance de-
creases, � and � increase and therefore KII

i /
 becomes nega-
tive, setting an attractive elastic force that bends the crack
propagation direction toward the counterpart crack, as ex-
perimentally observed. Along this interaction path, KI

i /

value reduces suggesting a reduction in the cracks propaga-
tion kinetics. The dotted lines in Figs. 3�b� and 3�c� propose
an interaction route for the above situation. Furthermore, for
a given �, there is an optimal value of Z for maximum at-
tractive interaction given by Z= �L−d�tg� with ��� /3.
Considering a crack diameter of 500 nm and a distance of 20
nm between the crack tips �i.e., L=520 nm� as shown in
Figs. 1�b� and 2�b�, an optimal value Z�35 nm is obtained.
This is indeed in good agreement with the experimental situ-
ation, and suggests that the present observations were only

possible because of the optimized initial conditions of the
He-crack system.

Hence, in order to optimize layer separation processes
induced by crack coalescence, the formation of coplanar
cracks system with Z=0 would provide ideal conditions, not
only to reduce the total amount of required H but also to
enhance the fracture kinetics. Due to the depth distribution of
the implantation damage and the statistical nature of the
nucleation process for He or H induced crack structures, the
Z=0 ideal condition may not occur for initially homoge-
neous substrates. However, this limitation can be over passed
by introducing preferential heterogeneous nucleation sites
for cracks, as recently demonstrated for the cases of strained
interfaces.9

In summary, a diluted system of He-cracks formed by
He+ ion implantation into �001� Si substrates is used as
model case structures to study the subcritical propagation of
cracks. Three main points were discussed using elasticity and
fracture mechanics concepts as follows: �i� the formation of
overpressurized He-cracks are expressed in terms of their
equilibrium and limit pressures; �ii� the effects of the diffu-
sional supply of H atoms for crack propagation; and �iii� the
nanoscale cracks interaction mechanisms are depicted in
terms of plastic or elastic interactions. Plastic interactions
result in the formation of dislocations and twinlike extended
defects due to a high shear stress between approaching par-
allel crack tips. Elastic interactions cause their deviation
from the original propagation direction, resulting into an in-
terlacement of crack tips, as predicted by model calculations.
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FIG. 3. �Color online� �a� depicts the interaction parameters from Eqs. �2�
and �3�, d is the crack diameter, L their midpoints distance, � the interaction
angle and Z the depth separation distance. �b� and �c� are the reduced stress
intensity factor KI

i /
 and KII
i /
 as function of � and �, respectively.
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