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a b s t r a c t

H implantation results in the appearance of tensile out-of-plane strain in the implanted region which
evolves during further annealing. VnHm complexes and/or larger platelets, both co-precipitates of vacan-
cies and H atoms, are believed to be responsible for strain generation. However, during H+ implantation,
Frenkel pairs i.e., both vacancies and interstitials are generated. Silicon self-interstitials have been rarely
detected and thus their possible role in strain generation has been ignored so far. In this work, we dem-
onstrate that Si interstitials are actually present in large measurable quantities in such implanted layers.
For this, we have studied by Secondary Ions Mass Spectrometry the diffusion of boron delta layers during
annealing at 350 �C, 550 �C and 850 �C after H implantation at 12 keV with a fluence of 1 � 1016 H+/cm2.
The Si self-interstitial supersaturations were extracted by comparison with simulations. Frank dislocation
loops, i.e., precipitates of Si atoms, were observed by Transmission Electron Microscopy growing by Ost-
wald ripening during 850 �C annealing. The supersaturation of Si self-interstitials in dynamical equilib-
rium with these loops was extracted showing consistency with the values found from the diffusion
experiments. These results and more generally the role of interstitials in the strain build up are discussed.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen implantation is used in the Smart Cut™ process for
the manufacturing of Silicon on Insulator (SOI) wafers. The incor-
poration of hydrogen in the lattice results in a tensile out-of-plane
strain [1]. This strain plays a decisive role during the process, and
the understanding of its origin is mandatory for further improve-
ment. This strain is believed to originate from the overlapping of
nano-strains generated by all the implantation defects. Hence,
the identification and the quantification of these defects are
needed to estimate their contribution to the overall strain. During
implantation, the slowing down of the ion generates interstitials
and vacancies named Frenkel pairs. Hydrogen atoms can then bind
with both vacancies and interstitials to form immobile complexes.
Optical measurements (Infrared Spectroscopy [2] and Raman [3])
identified those complexes as IH2 for interstitials and VnHm (with
typical values n < 3 and m < 8) for vacancies, but the estimation
on their individual densities is difficult. Transmission Electron
Microscopy (TEM) shows the growth of platelets [4], i.e. co-precip-
itates of vacancies and hydrogen during annealing. However, for
the same annealing, no precipitates of interstitials were previously

detected by TEM. The motivation of this work is to understand the
behaviour of silicon interstitials after hydrogen implantation and
during annealing. For this, we have set-up experiments to prove
the existence and quantify the number of silicon interstitials in-
duced by implantation using two independent approaches. The
first one consists in identifying the silicon interstitial supersatura-
tion by measuring the diffusivity of boron delta layers during
annealing. This relies on the fact that boron is mainly diffusing
through B–I pairs and the amplitude of its diffusion is proportional
to the concentration of silicon interstitial atoms. The second ap-
proach consists in imaging by TEM then quantifying the population
of interstitial precipitates found after high temperature annealing.
Then, the supersaturation of free silicon interstitials in dynamical
equilibrium with these defects can be calculated from the Gibbs–
Thomson equation which applies during the Ostwald ripening of
precipitates [5]. Finally, the results provided by the two methods
are compared and a scenario describing the evolution of silicon
interstitials during annealing is proposed.

2. Experimental setup

A silicon h001i wafer containing three doping boron delta lay-
ers grown by MOCVD was implanted with hydrogen. The delta
markers are 10 nm wide and are located at depths of 100, 500
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and 900 nm, respectively, below the sample surface. The sample
was implanted by 12 keV H+ ions at a fluence of 1 � 1016 cm�2 at
room temperature. According to Monte Carlo simulations, the
hydrogen peak should be located beyond the first boron marker
at a depth of about 170 nm. After implantation, the wafer was first
annealed at 350 �C for 5 min to allow for platelet formation and to
stay in the frame of the technological process. A piece of this wafer
was then additionally heated at 550 �C during 60 min. Parts of this
sample were annealed at 850 �C for different durations (15, 30, 60
and 90 s) using rapid thermal annealing. The objectives of the
550 �C and 850 �C annealing are to activate the exo-diffusion of
hydrogen and to possibly form silicon interstitial precipitates
detectable by TEM. TEM and Secondary Ions Mass Spectrometry
(SIMS) were performed on each sample to follow the evolution of
defects and of both the hydrogen and boron profiles. The TEM sam-
ples were prepared in cross-section by mechanical polishing and
subsequent ion thinning. Statistical measurements for the analysis
of the defect populations were performed based on a large number
of images obtained using a 200 keV JEOL2010. The imaging of
platelets was performed under off-Bragg under-focus conditions,
while dislocation loops were imaged under weak beam dark field
(WBDF) conditions, as described in [6].

3. Results

3.1. Hydrogen evolution during annealing

After implantation, the hydrogen ‘‘peak’’ is located at 200 nm
below the surface (Fig. 1). The profile shrinks after 350 �C anneal-
ing and its maximum amplitude decreases, a classical characteris-
tic resulting from hydrogen precipitation [7]. Indeed, TEM
observations (Fig. 2) indicate the presence of thin platelets after
this first annealing. In the 550 �C annealed sample, the hydrogen
concentration as detected by SIMS becomes very low and, at the
same time, the thickness of the platelets is larger. This shape mod-
ification of the platelets to less flattened cavities results from the
loss of hydrogen during annealing [8]. Above 850 �C and for any
duration, hydrogen is no longer detected by SIMS and neither
platelets, nor cavities are detected by TEM.

3.2. Boron diffusion during annealing

Initial boron concentrations within the delta-layers measured
by SIMS are found close to 1018 cm�3 (Fig. 3). At such concentra-
tions, the dopants are on substitutional sites in the lattice. Under
equilibrium conditions, the diffusion lengths corresponding to
the 350 �C and 550 �C anneal can be estimated to be of about
10�6 Å and 10�2 Å [9], respectively. Equilibrium diffusion should
then be undetectable by SIMS. However, after each annealing, bor-

on diffusion is visible through a peak widening and a lowering of
its maximum concentration. Then, this boron diffusion is the proof
of the existence of large supersaturations of silicon interstitials
during these annealing. Indeed, this enhancement of boron diffu-
sion is equal to the mean supersaturation S of free Si self-intersti-
tial during annealing:

S ¼ DB

D�B
¼ Ci

C�i
ð1Þ

where Ci and C�i are the concentrations of silicon interstitials in the
implanted layer and at equilibrium, respectively. D�B is the diffusiv-
ity of boron in silicon at equilibrium concentration of silicon inter-
stitial C�i . Using a fitting procedure, we have extracted the values of
the ‘‘mean boron diffusivity’’ during each annealing from the SIMS
data. In the diffusion model, a boron atom in substitution in the lat-
tice is immobile and can be ‘‘kicked-out’’ from its position by a sil-
icon interstitial to become a mobile entity. Using this assumption,
boron diffusivity DB relies on two parameters, k the mean diffusion
length of the boron-interstitial pair and g, the generation rate of
those pairs per unit of time:

DB ¼ k2:g ð2Þ

According to the diffusion equations, each pair of k and g pre-
dicts a different evolution of the initial boron layer. A unique solu-
tion can be deduced when fitting with the SIMS profiles measured
after annealing. This extracted diffusivity is the ‘‘mean diffusivity’’
that occurred during the entire annealing period of time. The mean
supersaturations of Si self-interstitials that can be then extracted
from these values refer to the boron diffusivity at equilibrium
D�B ¼ 3:79� exp � 3:64eV

kT

� �
[9]. D�B can be reasonably extracted from

experimental measurements at 900 �C but further extrapolation
to low temperatures of annealing, i.e. 350 �C and 550 �C, cannot re-
sult in more than a rough estimation of the supersaturations at
such temperatures. Still, those supersaturations are very high and
this means that Si self-interstitials evolve in large concentrations
in the layer during annealing.

Another notable point visible in the SIMS results is that, above
550 �C, boron is trapped in large quantities in the damaged area.
From the literature we know that small precipitates of interstitials
and dislocations loops can trap boron atoms [10,11]. Thus, this bor-
on secondary peak is probably the signature of these interstitial
defects.

3.3. TEM analysis of dislocation loops

When annealing at temperatures below 850 �C, the layer is very
strained and the contrast in the images prevents us to conclude on
the presence or not of extrinsic defects. After 850 �C annealing, for
any duration, H-related platelets cannot be detected anymore but
TEM shows the presence of circular dislocation loops instead
(Fig. 4). The inset shows two types of contrast which can arise from

Fig. 1. SIMS profiles showing the evolution of hydrogen during annealing. The H
profile after 850 �C is lost in the background.

Fig. 2. Cross-sectional TEM micrographs taken under off-Bragg conditions of the
samples implanted with H at 12 keV to a fluence of 1016 cm2 and annealed, (a) at
350 �C, (b) at 350 �C and 550 �C, (c) at 350 �C, 550 �C and 850 �C (90s).
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these loops when seen in cross-section. Contrast analysis shows
that they are extrinsic faulted dislocation loops (FDLs) [6], i.e. pre-
cipitates of Si atoms lying on the {111} planes. When the anneal-
ing time increases, their mean diameter increases whereas their
density decreases (Fig. 5). The total number of interstitials trapped
in the dislocation loops per surface area (i.e. the areal density of
interstitials) can be obtained by multiplying the defect density by
the mean surface of the loops. Although the experimental incerti-
tude is large, we demonstrate that this value is in the
1 � 1013 cm�2 range and remains unchanged during annealing at
850 �C. This shows that the loops evolve following a conservative
process named Ostwald ripening as described in details in [5].

4. Discussion

Here, we briefly recall how the observed growth of the disloca-
tion loops during annealing can be related to the time and space
evolution of free Si interstitial atoms in their vicinity [5]. During
their growth by Ostwald ripening, the FDLs are in dynamical equi-
librium with a supersaturation of free silicon interstitials. This
supersaturation only depends on the mean size of the loops and
on the temperature and obeys the Gibbs–Thomson relation which
can be written:

S ¼ Ci

C�i
¼ exp

EF

kT

� �
ð3Þ

where EF is the formation energy of the defects [5]. The results are
shown in Fig. 6 and compared with those extracted from B diffusiv-
ity measurements. This comparison shows that the values of super-
saturations we have independently obtained following two
approaches are very consistent with each other. This definitively

evidences that large concentrations of silicon interstitial atoms exist
and evolve during annealing of hydrogen implanted silicon.

However, the areal density of these silicon interstitial atoms
bound to the loops we have measured is significantly smaller than
the hydrogen fluence. Besides, the supersaturations we have
deduced from both types of experiment indicates that the
absolute concentrations of silicon interstitials which evolve in
the implanted layer range from about 1015 cm�3 to 1017 cm�3

depending on the annealing temperature. These values, which
are large if one looks at their impact on diffusion phenomena,
are small when considering their possible contribution to the over-
all deformation of the implanted annealed layer. Indeed, first order
estimation of the strain generated by such Si interstitials shows
that, at such concentrations, the out-of-plane strain they would
generate is less than 10�6 to 10�4 times the overall strain mea-
sured in the as-implanted layer. In other words, although we have

Fig. 3. SIMS profiles showing the evolution of the boron delta layers. (a) After H+ implantation (b) before and after 850 �C (90 s) annealing.

Fig. 4. Weak beam dark field cross-sectional (1 -1 0) image taken with g = 004 of H+
implanted sample annealed at 850 �C (90 s).

Fig. 5. Graph showing the evolution of the loop density (left axis) and mean
diameter (right axis) with annealing duration at 850 �C.

Fig. 6. Graph comparing the values of the Si supersaturations as deduced from the
characteristics of the loop population measured by TEM (triangles) with those
extracted from boron diffusivity measurements (squares).
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proven the existence of quite large concentrations of silicon inter-
stitials in the H implanted layers during annealing, we believe that
these concentrations are not large enough to have a noticeable
influence of the overall strain evidenced in these layers. However,
it is possible that, in the as implanted layers, the initial concentra-
tion of Si interstitial atoms is significantly larger than that found
after annealing. Indeed, Si interstitial atoms are known to recom-
bine easily at the wafer surface during annealing and this could
result in the massive loss of those Si defects, initially present in
the as-implanted layer. This possibility will be examined in detail
in a fore coming paper.

5. Conclusion

Up to now, the strain build up evidenced during annealing of H
implanted Si layers has been exclusively ascribed to the behavior
of V and H complexes. However, like every ion implantation,
hydrogen implantation results in the formation of Frenkel pairs
i.e., a large and same number of vacancies and interstitials. Very lit-
tle was known about the existence and possible role of these Si
interstitials. We have tried to estimate their concentrations during
the annealing of such implanted layers following two approaches.
One was based on the study of the diffusion of boron marker layers,
which can be used as detectors of Si interstitials supersaturations,
the other one based on the observation of the evolution of a popu-
lation of dislocation loops, which can be related through the
Gibbs–Thomson equation to the concentration of Si interstitials
being in dynamical equilibrium with them. Both approaches give
similar results. The concentrations of Si interstitials we have evi-
denced during annealing are large if one considers their effect on
diffusion phenomena but small if one considers their possible

contribution to the overall strain found in these layers. However,
we cannot rule out that these concentrations could be much larger
before annealing, in the as implanted layers. The demonstration of
this possibility will require further work, mixing numerical
simulations and experimental results. However, at present, we
can conclude that since the Smart Cut™ process takes place during
annealing, the contribution of the Si interstitial atoms to the strain
build up driving this process is probably negligible.
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