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An approach to transfer a high-quality Si layer for the fabrication of silicon-on-insulator wafers has
been proposed based on the investigation of platelet and crack formation in hydrogenated epitaxial
Si/Si0.98B0.02/Si structures grown by molecular-beam epitaxy. H-related defect formation during
hydrogenation was found to be very sensitive to the thickness of the buried Si0.98B0.02 layer. For
hydrogenated Si containing a 130 nm thick Si0.98B0.02 layer, no platelets or cracking were observed
in the B-doped region. Upon reducing the thickness of the buried Si0.98B0.02 layer to 3 nm, localized
continuous cracking was observed along the interface between the Si and the B-doped layers. In the
latter case, the strains at the interface are believed to facilitate the �100�-oriented platelet formation
and �100�-oriented crack propagation. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2163992�

Recently, there has been extensive interest in the phe-
nomenon of hydrogen-induced exfoliation of silicon.1,2 Vari-
ous studies have contributed to a commercialized “ion-cut”
process for the fabrication of silicon-on-insulator �SOI� wa-
fers, which provides substrates needed for fabrication of ad-
vanced Si devices.1,2 In the conventional ion-cut technique
�Smart-cut™� hydrogen is introduced by ion implantation
and the thickness of the transferred layer is controlled by
adjusting the energy of the implanted H ions.1 H implanta-
tion and subsequent annealing create hydrogen-terminated
cavities near the damage peak.2 These cavities evolve into
cracks running parallel to the surface that finally allow the
surface layer to be separated from the substrate.3,4 To meet
the demands of next-generation device fabrication, future
SOI wafers will require the top Si layers to be less than
100 nm thick.5 However, simply reducing the hydrogen ion
energy is insufficient to realize the transfer of ultrathin
layers.6 In several improvements of ion-cut techniques,
heavy ion implantation �e.g., Si or Ar� or dopant implanta-
tion �e.g., B� is used to form a H trapping layer.7,8 These
methods, however, have the disadvantage of degrading the
crystalline quality of the transferred layers due to ion-
irradiation-induced damage.

In an attempt to overcome some of the limitations asso-
ciated with ion implantation derived ion-cut, we have studied
B-doping effects on hydrogenation-induced crack formation
in Si with B atoms incorporated by epitaxial growth. This
work was motivated by the need to develop a new method
for the transfer of ultrathin Si layers with significant im-

provements in crystalline quality and smoothness of the
transferred layers.

Samples used in this study were grown by molecular-
beam epitaxy �MBE�. In one epitaxial Si/Si0.98B0.02/Si
sample, the Si0.98B0.02 layer was 3 nm thick and was depos-
ited at a depth of 200 nm beneath the surface. In another
Si/Si0.98B0.02/Si sample, the Si0.98B0.02 layer was 130 nm
thick and was deposited in a depth region of 100 to 230 nm
beneath the surface. Both samples were hydrogenated for
3 h, in an inductively coupled plasma �ICP� system with an
ICP power of 100 W and a reactive ion etching power of
500 W. Before hydrogenation, the sample surfaces were
treated with an oxygen plasma. For purposes of comparison,
a virgin Si control sample without B doping was hydrogen-
ated simultaneously. All samples used in this study were
�100� oriented.

Depth distributions of hydrogen were measured using
elastic recoil detection �ERD� analysis. ERD analysis was
performed using a 3.0 MeV 4He+ beam oriented 75.3° from
the sample normal. The detector was positioned 150.5° away
from the incident beam. A 14 �m thick Mylar® foil was
placed between the sample and the detector. Transmission
electron microscopy �TEM� was used to characterize the
samples before and after hydrogenation. Optical microscopy
with Nomarski lenses was used to detect bubble formation
on the sample surface after hydrogenation. High-resolution
x-ray diffraction �XRD� analyses were used to measure
strains in the samples. An �-2� scan around Si �004� was
collected using a Bede D1 x-ray diffractometer. Strain depth
profiles are obtained from Bede RADS auto-fit to the corre-
sponding XRD data.a�Electronic mail: lshao@mailaps.org
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The cross-sectional TEM micrograph presented in
Fig. 1�a� shows platelet formation in the hydrogenated virgin
Si �without B doping�. A dense band of �111� oriented plate-
lets is observed over a depth range of 0 to 300 nm and a few
platelets are also observed at depths of up to 600 nm. No
cracking is observed. The inset within Fig. 1�a� is an optical
image of the hydrogenated sample surface; no surface blis-
tering is present.

Figure 1�b� presents a cross-sectional TEM micrograph
obtained from the hydrogenated Si containing a 130 nm
thick Si0.98B0.02 layer buried 100 nm beneath the surface. No
cracking and no platelets are observed and the optical image
inset shows no obvious signs of bubbles. The few defects
observed in Fig. 1�b� are threading dislocations and micro-
twins, which originate from the interface and propagate to
the surface. These defects are formed during MBE growth
since the same type of defects are observed in the same
sample before hydrogenation �not shown�.

A striking difference is seen upon reducing the thickness
of the buried epitaxial Si0.98B0.02 layer to 3 nm. Figure 1�c�

shows a TEM micrograph obtained from the hydrogenated Si
containing a 3 nm thick Si0.98B0.02 layer. At the depth of the
B-doped layer, there is a continuous �100� oriented crack that
has formed. Intense surface bubbling is observed by optical
microscopy, as revealed in the inset. Furthermore, when
compared with the TEM micrograph of the hydrogenated
virgin Si �Fig. 1�a��, Figure 1�c� shows that �111� platelet
formation is significantly suppressed in the top Si layer, the
portion to be transferred to form SOI wafers.

All three TEM micrographs in Fig. 1 show the formation
of a silicon oxide layer around 30 nm thick on the surface,
which is due to the oxygen plasma treatment prior to hydro-
genation. The oxide layer was confirmed by Rutherford
backscattering spectrometry to be SiO1.8±0.1 with a thickness
of 34 nm. The intent of the surface oxide layer is to reduce
surface contamination and to reduce defect creation near the
surface region during hydrogenation.

ERD measurements from the hydrogenated samples
show that H profiles are virtually coincident with the B dop-
ant profile. Figure 2�a� shows that the H distribution has a
boxlike shape in the 130 nm thick B-doped region. Figure
2�b� shows a H trapping peak at the depth of the 3 nm thick
B-doped layer. The peak H concentration is around
4�1020/cm3 within the doping region for both the thick and
thin B-doped layers. For the hydrogenated control sample, H
is observed for depths up to 400 nm �given as solid lines in
Figs. 2�a� and 2�b��, with the concentration reaching a value
of around 2�1020/cm3 at 300 nm, the depth where �111�
platelet formation terminates �Fig. 1�a��.

The observations of �111�-oriented platelets in the intrin-
sic Si �Fig. 1�a�� and the absence of platelets in the
MBE-grown samples �Figs. 1�b� and 1�c�� can be explained
by the presence of B in top MBE-grown Si layers and the
platelet formation model proposed by Nickel et al.9 Second-
ary ion mass spectrometry measurements revealed both top
Si layers are slightly doped with B at a density of around
3�1017/cm3 and Nickel’s work shows that �111� platelet

FIG. 1. TEM micrographs from hydrogenated virgin Si �a�, hydrogenated
MBE Si containing a 130 nm thick Si0.98B0.02 layer �b�, and hydrogenated
MBE Si containing a 3 nm thick Si0.98B0.02 layer �c�. The insets are optical
images of the sample surfaces.

FIG. 2. ERD spectra showing H concentration vs depth for hydrogenated
MBE Si �B-Si+H� containing a 130 nm thick Si0.98B0.02 layer �a� and for
hydrogenated MBE Si containing a 3 nm thick Si0.98B0.02 layer �b�. H dis-
tributions within the control Si �without B doping� before �Si� and after
hydrogenation �Si+H� are also plotted for comparison.
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formation during hydrogenation is favored in n-type Si, but
not favored in p-type Si.9

The continuous cracking formed at the depth of the 3 nm
B-doped layer �Fig. 1�c�� has a �100� orientation and there-
fore the cracking is not dependent on �111� platelet forma-
tion. We believe that strain plays an important role in this
phenomena. Figure 3�a� shows the strain-depth profile, de-
duced from the XRD analysis, in the as-grown Si containing
a 3 nm thick B-doped layer. An out-of-plane tensile strain
exists in the Si, at the interface, on both sides of the B-doped
layer. The B-doped layer possesses an out-of-plane compres-
sive strain. Due to Poisson’s effect,10 the strains at the inter-
face correspond an in-plane compressive strain in the Si
layer and an in-plane tensile strain in the B-doped layer,
which places the interface in a state of shear. Based on our
previous studies on platelet and crack formation in
hydrogen-ion-implanted Si and hydrogenated Si containing a
buried SiGe layer,4,11 we believe that strain facilitates the
�100�-oriented cracking through three successive steps:

�1� Vacancies are kinetically and thermodynamically
predisposed to agglomerate in regions of in-plane compres-
sive strain. High-resolution electron microscopy of electron-
irradiated compressively strained SiGe has shown preferen-
tial aggregation of vacancies on �100� planes.12 Vacancy
generation can occur during MBE growth and surface ion
bombardment of the hydrogenation process.

�2� Formation of �100�-oriented platelets is facilitated
due to the interaction of H with vacancy agglomerates. Vari-
ous studies have proposed that vacancies play a central role
in platelet formation.3,4,13

�3� Cracking along �100� plane is facilitated due to the
presence of an interface shear strain. Once �100�-oriented
platelets are formed, the shear strain can facilitate cracking
along the interface. The kinetics of cracking can be described
by14

J =
P2 + �2

E
�1 − �2�

4

�
a , �1�

where J is energy release rate �or driving force for crack
propagation�, E is Young’s modulus, � is Poisson’s ratio, P is
the pressure inside the platelet, � is the shear stress, and a is
the radius of the platelet. As shown schematically in the inset
in Fig. 3�a�, the sheer strains help to break the Si bonds for
crack propagation. The fracture occurs only when J is above
a threshold value, or equivalently, when platelets reach a
threshold radius aC. Due to the contribution of shear strains,
cracking could occur for small platelets with their radius a
being less than aC of normal cracking cases �without shear
strains�. This provides a possible explanation for why con-
tinuous cracking is present along the interface in Fig. 1�c�.
As for the Si containing a 130 nm thick B-doped layer, the
strain depth profile �Fig. 3�b�� shows a strain that decreases
with decreasing depths. A very small shear strain at the shal-
low interface and an even smaller shear strain at the deep
interface �the tensile strain in Si is hardly visible in Fig. 3�b��
are observed. Therefore, the strain distribution in the thick
B-doped layer will not significantly facilitate �100� cracking.

Our studies show that the epitaxial Si/SixB1−x /Si struc-
ture can be used to transfer a high-quality ultrathin Si layer if
the B-doped layer is only a few nanometer thick. The crack-
ing location can be controlled by the depth of the B-doped
layer. The top Si layer sustains good crystalline quality after
hydrogenation.
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FIG. 3. Out-of-plane strains as a function of depth for hydrogenated MBE
Si containing a 3 nm thick Si0.98B0.02 layer �a� and hydrogenated MBE Si
containing a 130 nm thick Si0.98B0.02 layer �b�. In �a�, a schematic illustra-
tion of a crack propagating under the influence of strains is included.
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