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We have quantitatively studied by transmission electron microscopy the growth kinetics of platelets
formed during the continuous hydrogenation of a Si substrate/SiGe/Si heterostructure. We have
evidenced and explained the massive transfer of hydrogen from a population of platelets initially
generated in the upper Si layer by plasma hydrogenation towards a population of larger platelets
located in the SiGe layer. We demonstrate that this type of process can be used not only to precisely
localize the micro-cracks, then the fracture line at a given depth but also to “clean” the top layer
from pre-existing defects. © 2010 American Institute of Physics. [doi:10.1063/1.3467455]

In the conventional ion-cut technology (SmartCut™),
hydrogen ion implantation followed by wafer bonding and
thermal annealing is used for the transfer of a Si film onto an
oxidized substrate." This process takes advantage of the pre-
cipitation of hydrogen during annealing in the form of quasi-
two dimensional defects filled with over-pressurized H, gas.
These defects exert stress in the layer and, during annealing,
their thermal evolution from “platelets” of a few tens of nm
in diameter to micro-cracks of a few micrometers in diameter
and the possibility for them to elastically interact may give
rise to the complete exfoliation of the upper layer.

For high enough implanted fluences, the majority of
platelets and subsequent micro-cracks are parallel to a (001)
Si wafer surface and the thickness of the transferred layer
can be monitored by varying the beam energy.1 However, the
depth-straggling of the implanted ions results in a depth-
distribution of platelets and micro-cracks which, in turn, re-
sults in a quite severe roughness and relatively high defec-
tivity of the transferred layers. For this reason, ultrathin (few
nanometer thick) layers, desirable for developing advanced
silicon-on-insulator technologies, are difficult to fabricate us-
ing ion implantation and require time-consuming and costly
etching steps.

Plasma hydrogenation, a low cost and flexible technique,
can be used to inject hydrogen into silicon.®* Nevertheless,
as the energy of the H ions impacting the surface is low and
spread, the platelets are depth-distributed all over the near-
surface region. Moreover, mostly {111} platelets not parallel
to the wafer surface, the most stable defects in absence of
stress,” are formed during hydrogenation.3 - As a conse-
quence, plasma hydrogenation alone cannot be used to trans-
fer layers of sufficiently high crystalline quality.

It has been previously reported that thin SiGe strained
layers buried during growth in a Si substrate can be used to
favor the formation of platelets parallel to the wafer surface
and located on or close to the stressed layer.ﬁ’7 However, up
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to now, the mechanisms responsible for such behavior were
not clearly understood and the crystalline quality of the up-
per layer was poor due to the formation of platelets and
micro-cracks of undesirable orientations therein.

In this work, we identify those mechanisms and demon-
strate the possibility to localize all the micro-cracks, and fi-
nally the splitting-depth of transferred layers, precisely onto
a thin compressively strained SiGe layer while leaving a per-
fectly defect-free upper layer by using plasma hydrogena-
tion.

For the experiments reported here, a defect-free structure
containing a 5 nm thick compressive strained SijgyGeg g
layer covered by a 180 nm thick Si layer was grown by
molecular beam epitaxy on a (001) Si substrate. The wafer
was cut into four pieces which were subjected to low pres-
sure (1 mTorr) plasma hydrogenation in pure hydrogen dur-
ing 0.5 h, 1 h, 1.5 h, and 2 h, respectively. Hydrogenation
was carried out in a distributed electron cyclone resonance
plasma reactor with a low frequency (2 kHz) bias equal
—100 V.* The plasma temperature was of about 300 °C.
Specimens were prepared for cross-section (CS) imaging us-
ing transmission electron microscopy (TEM) along both the
[110] and [010] directions by tripod polishing and low
energy/current density argon ion-beam thinning until elec-
tron transparency. The platelets and micro-cracks seen
edge-on contained in a given region of a sample were all
detected in TEM images taken under specific out-of-Bragg
and out-of-focus conditions.’ Then, the thickness of the ana-
lyzed areas was estimated by imaging the same zones under
well-defined two-beam conditions. The defect populations
were statistically analyzed over several images in terms of
depth-distributions of their size, concentration, and volume
fraction they occupy following the method developed in our
previous works. %!

Typical images from the samples subjected to hydroge-
nation for 0.5 h, 1 h, 1.5 h, and 2 h are shown in Figs.
1(a)-1(d), respectively. As already reported in Ref. 11, a
10-20 nm thick SiO, layer is formed on all samples during
hydrogenation. For hydrogenation times up to 1.5 h, different

© 2010 American Institute of Physics
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FIG. 1. Bright-field off-Bragg underfocused CS (110) images of the Si/
SiGe/Si heterostructure subjected to plasma hydrogenation during (a) 0.5 h,
(b) 1.0 h, (c) 1.5 h, and (d) 2.0 h. Inset in (c) CS (100) image of a (010)
platelet.

types of platelets lying on {111}s, (001) and, in much smaller
concentrations, on (010) planes are observed in the upper Si
layer. As the hydrogenation time increases, a defect-free
layer appears and develops extending from the SiGe layer
towards the surface. After hydrogenation for 2 h, no defects
are observed in the Si upper layer [Fig. 1(d)] except in a very
narrow, a few nanometer thick, layer close to the surface. In
all the samples, platelets and/or micro-cracks parallel to the
(001) Si surface are observed within the SiGe layer. As the
hydrogenation time increases from 0.5 to 1.5 h, the isolated
platelets located there grow in size and eventually merge to
form micro-cracks. After 2 h of hydrogenation, these micro-
cracks have grown in size and/or coalesced and initiate a
fracture line in the SiGe layer, thus parallel to the wafer
surface. Few round shaped cavities are also observed at the
same depth.

Figure 2 gathered the results of the quantitative analysis
of these defect populations in terms of defect density, diam-
eter and volume fraction as functions of the depth. After
hydrogenation for 0.5 h, the concentration of platelets fol-
lows a quasilognormal profile centered at a depth of 60 nm
below the surface with a long tail extending toward the SiGe
layer [Fig. 2(a)]. As the hydrogenation time increases, this
concentration profile shrinks from the long tail side, shifts
toward the surface and finally its integral decreases as con-
firmed by the evolution of the projected superficial density
shown in the inset in Fig. 2(a). Interestingly, the concentra-
tion of defects within the SiGe layer remains mostly unaf-
fected by the hydrogenation time. In all samples, the closer
to the SiGe layer the larger the platelets are [Fig. 2(b)]. The
platelets located within the SiGe layer are already larger at
the beginning of hydrogenation but further grow faster than
elsewhere in the Si layer during hydrogenation [see inset in
Fig. 2(b)]. As the hydrogenation proceeds, all the platelets
grow in size but their growth rate increases when the dis-
tance to the SiGe layer decreases. Figure 2(c) shows the
evolution of the volume fraction occupied by the platelets
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FIG. 2. (Color online) Depth-distributions of the platelet concentration (a),
mean diameter (b), and occupied volume fraction (c) as functions of the
hydrogenation time. Results compiled for “depth-classes” of 20 nm wide.
The relative uncertainties in those measurements are 20%, 10%, and 50%,
respectively. Insets in (a), (b), and (c) show the time-evolution of the inte-
grals of these profiles in the upper Si and in the SiGe layers, i.e., platelet
projected surface density, average diameter, and volume per surface fraction,
respectively.

and micro-cracks obtained by combining the results shown
in Figs. 2(a) and 2(b). After 0.5 h hydrogenation, the “plate-
let phase” mostly occupies a region located in the Si layer
from a depth of 80 to 140 nm from the surface. Owing to
their very large size there, the platelets occupy a large vol-
ume fraction of the SiGe layer. However, when the hydroge-
nation proceeds, the volume fraction in the Si layer decreases
everywhere but faster close to the surface and to the SiGe
layer. In the meantime, it dramatically increases in the SiGe
layer. Integrating these depth distributions, we evidence in
the inset of Fig. 2(c) that the volume per surface fraction,
V/S, decreases linearly with time in the Si upper layer but
increases exponentially in the SiGe layer.

In these experiments, we believe that we have evidenced
the massive transfer of hydrogen from a population of plate-
lets initially generated in the upper Si layer by plasma hy-
drogenation towards a dense population of larger platelets
located in the SiGe layer. This phenomenon which results
both in the fracture of the material at the depth of the SiGe
layer but also in the “cleaning” of the Si upper layer is not
only scientifically intriguing but also of paramount impor-
tance for applications. We will discuss it in the following.

During hydrogenation two phenomena take place simul-
taneously, the injection of very low energy H* ions and an-
nealing. As the injected fluence increases, new platelets can
be nucleated in the Si layer while those already formed can
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grow by trapping the H atoms and vacancies generated by
the hydrogenation process. Because the “annealing time”
also increases during plasma treatment, these platelets also
evolve by “classical” Ostwald ripening.9 Thus, in principle,
the evolution of the population of the platelets located in the
upper Si layer should results in an increase in both their
diameter and the volume fraction they occupy. Our experi-
mental results show that while the mean diameter of the
platelets slowly increases, their surface density decreases and
the volume-per-surface fraction they occupy rapidly falls
down, a set of properties characteristic of a nonconservative
Ostwald ripening phenomenon taking place in presence of a
sink, and not of a source. Obviously, the sink for the H atoms
and vacancies provided both by hydrogenation and by the
dissolution of these platelets are the (001) platelets observed
in the SiGe layer. As the mean size of the platelets located
within the SiGe layer is always much larger that the mean
size of those located in the Si layer, the former grow at the
expense of the later. Our result also shows that the sink effi-
ciency of the SiGe layer is higher than the source strength
provided by hydrogenation. We deduce that, during hydroge-
nation, there exists a strong concentration gradient of H at-
oms and vacancies decreasing from the surface (source) to-
wards the SiGe layer. Thus, during hydrogenation, since the
platelets located in the SiGe layer grow in size, the hydrogen
and vacancies newly injected in the near surface region are
transferred preferably toward the SiGe layer before nucleat-
ing new platelets and with a rate which increases with the
hydrogenation time. The existence of this gradient and asso-
ciated flux is confirmed by the observation that the closer the
platelets are to the SiGe layer the longer they grow before
dissolution. In addition, the gradient of H atoms existing in
the top Si layer has been observed by secondary ion mass
spectrometry previously.11 This phenomenon is irreversible
and once initiated results in the complete depletion of the Si
layer.

However, this scenario requires that, at the beginning of
the plasma treatment, (001) platelets are formed in SiGe with
diameters larger than those forming in the upper Si layer. As
the SiGe layer is under compression, it is unlikely that H
preferentially diffuses towards it. Alternatively, this layer is a
strong sink for the vacancies created by the bombardment, as
these defects help relaxing the stress in the layer12 and thus
the overall elastic energy of the system. Once this layer is
enriched with vacancies, it can trap H atoms easily forming
V.H, complexes which can precipitate or coalesce to form

2,13,14

platelets. Finally all these platelets are parallel to the
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wafer surface as this orientation minimizes the formation en-
ergy of the defect.'?

In summary, the growth kinetics of platelets formed dur-
ing the continuous hydrogenation of a Si substrate/SiGe/Si
heterostructure was quantitatively studied by TEM. During
hydrogenation, large (001) platelets/micro-cracks are formed
in the Sijg,Geg,y layer which progressively “absorb” the
platelets initially distributed in the upper Si layer as well as
hydrogen atoms and vacancies continuously provided at the
surface. A detailed scenario has been proposed considering
the Ostwald ripening of a population of precipitates in pres-
ence of a constant source (the surface submitted to hydroge-
nation) and a sink of increasing efficiency (the SiGe layer
containing large (001) platelets). This mechanism involves
the emission, diffusion and capture of vacancies and hydro-
gen atoms. The SiGe layer is thought to first capture the
vacancies created by the plasma treatment and/or emitted by
the platelets located in the upper Si layer then trap hydrogen.
Finally, this type of process and associated phenomenon can
be used not only to precisely localize the micro-cracks then
the fracture line at a given depth but also to “clean” the top
layer from pre-existing defects. We have demonstrated this
possibility.

The work at LANL was supported by the Department of
Energy, Office of Basic Energy Science.
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