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Abstract

Hydrogen ion implantation in the Smart-Cut production process leads to fracture of Si–Si bonds, formation of
microcavities and splitting of a single-crystal silicon wafer. In the present paper, an analysis model for defect nucleation
induced by hydrogen ion implantation is established based on the continuum mechanics theory accounting for the crys-
tal structure of silicon. Using this model and probability theory, an analytical expression is derived to calculate the
defect density as a function of the hydrogen ion implantation dose and the temperature.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Processing and manufacturing requirements for
ultra-large-scale integration (ULSI) device struc-
tures have enabled rapid development of the sili-
con-on-insulator (SOI) semiconductor industry.
A typical SOI system consists of a thin layer of sin-
gle-crystal silicon supported by an underlying
insulator (e.g., SiO2 and sapphire). SOI technology
has substantial advantages over traditional bulk Si
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processing for a wide range of ULSI applications
[1–4]. SOI-based integrated circuits possess such
advantages as high speeds, high packing density,
immunity from latch-up, low power dissipation
and high resistance to ionizing radiation. Smart-
Cut� technology is a promising technology re-
cently developed by Bruel and his co-workers to
fabricate high quality SOI structures [5–7]. This
technology combines skillfully hydrogen ion
implantation and wafer bonding, and it seems to
meet all the requirements for ULSI applications.

Since the first publication [5,6], the Smart-Cut
technique has attracted increasingly extensive
attentions and has found practical applications in
ed.
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the field of SOI. This technique has already in 1997
been used in the industrial production of SOI
structures [7,8]. Successful applications of the
Smart-Cut technique for production of SOI struc-
tures have stimulated a great interest to develop
this method for synthesizing other layered and
even three-dimensional structures of semiconduc-
tors. It was demonstrated in [9] that the Smart-
Cut technology could be used for the production
of ‘‘SiC-on-insulator’’ structures. In [10], Si, Ge,
and GaAs films were transformed on substrates
of a high-melting glass. The feasibility of applying
the Smart-Cut technology to structured and pat-
terned thin silicon films has also been demon-
strated. Some new structures with thin films of
Si, GaAs or InP on silicon substrates have been
obtained by using the Smart-Cut technique com-
bined with metal bonding [7,11,12]. GaSb-on-insu-
lator structures formed on GaAs substrates and
the novel silicon-on-aluminum-nitride (SOAN)
structure were realized recently by the ion-cut
process using hydrogen ion implantation [13].

Though the Smart-Cut technology has had some
successful applications, its underlying physical
mechanisms have not been well understood. The
fundamental understanding of the basic mecha-
nisms of the Smart-Cut production processwill ben-
efit the further process development and large-scale
implementation of the technique. In the present
paper, attention will be focused on the physical
mechanisms of defect nucleation and evolution in
silicon wafers due to hydrogen ion implantation,
which is the most significant process step of the
Smart-Cut technology. A model for defect nuclea-
tion due to hydrogen implantation will be presented
based on the elasticity theory with the crystalline
structure of silicon being taken into account. Then
based on a statistical analysis of probability theory,
the defect density is estimated as a function of
implantation dose and annealing temperature.
Fig. 1. A cubic unit cell of crystalline structure of Si.
2. Nucleation of a porous layer in a silicon wafer

2.1. Effects of hydrogen on defect nucleation

Two significant ideas of the Smart-Cut technol-
ogy are to acquire a large number of microdefects
(microcracks and microvoids) concentrated in a
very thin layer in the silicon wafer by hydrogen
ion implantation and to split the wafer system later
by thermal annealing. Therefore, an insight into
the nucleation of microcavities associated with
hydrogen implantation is of interest. Chemical,
physical and mechanical considerations are all nec-
essary in order to gain a fundamental understand-
ing of this complicated process occurred at the
nanometer scale involving chemical reaction, bond
decohesion, and mechanical deformation and frac-
ture. After the hydrogen implantation, the trapped
hydrogen atoms or protons combine with silicon
atoms to form Si–H bonds. The energy needed is
supplied either by thermal energy at a high temper-
ature during annealing or by mechanical energy
(elastic strain energy) stored in the compound
system due to high residual stress (or internal pres-
sure) caused by hydrogen implantation. Microca-
vity nucleation starts mainly at the late stage of
hydrogen implantation and is accelerated by the
subsequent thermal treatment. During hydrogen
ion implantation at room temperature, the elastic
strain energy induced by residual stress plays a
predominant role in fracture of Si–Si bonds. On
the other hand, during high temperature anneal-
ing, both thermal and mechanical energy make sig-
nificant contributions to the fracture process.

A knowledge of the silicon�s crystalline struc-
ture is useful to the understanding of the defect
nucleation process. Silicon possesses a cubic crys-
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tal structure of diamond, as shown in Fig. 1. The
parameters of the unit cell include the lengths
a = b = c = 0.54309 nm and the angles a = b =
c = 90�. The Si–Si bond length is 0.2352 nm. The
unit cell can be divided into eight cube-shaped
sub-cells of same size, with the edge length being
a/2. Each of the four sub-cells with centers located
at (3
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c), respectively. The void size, to be given

below, is comparable to a Si atom but is much lar-
ger than a hydrogen ion. Therefore, most hydro-
gen ions implanted are trapped in these inherent
voids, which serve as sources of larger defects.
Hydrogen within such an intrinsic vacancy may
form hydrogen molecules [14].

Though the overall implanted system is traction
free, the internal pressure of hydrogen gas induces
residual stress at the nanometer scale, and there-
fore provides elastic strain energy for fracture of
Si–Si bonds, as discussed earlier. The implantation
process pushes more and more hydrogen ions into
the voids, causing the increase of internal pressure
in the voids. The trapped hydrogen atoms diffuse
and segregate near the peak implantation region
during thermal annealing, forming microvoids
filled with H2 molecules, the high pressure inside
the microcavities, which is magnified significantly
due to the high temperature in thermal annealing,
is the driving force for nucleation and expansion of
defects.

It is well known that single-crystal silicon has a
relatively high strength, with a theoretical strength
about 7 GPa. However, the implanted hydrogen
has an embrittlement effect, which significantly
lowers the fracture stress of silicon. The hydrogen
ions or molecules may react with silicon to form
Si–H bonds following fracture of Si–Si bonds.
The embrittlement effect of hydrogen also depends
strongly on temperature. Therefore, there exist
two synergistic physical mechanisms by which
the implantation of hydrogen may induce nuclea-
tion and growth of nano-sized defects in a silicon
wafer, namely, the internal pressure of molecule
hydrogen in microvoids to provide the driving
force for fracture of Si–Si bonds and the hydrogen
embrittlement effect to significantly reduce the
fracture resistance.

Such a nucleation process occurs at the nanome-
ter scale and involves complex physical and chemi-
calmechanisms, atomistic studies such asmolecular
dynamic simulation seem appropriate to investigate
the microstructure evolution of a silicon wafer dur-
ing hydrogen implantation and the subsequent ther-
mal annealing. However, atomistic studies are
generally very time-consuming due to the relatively
large size and relatively long time involved in the
Smart-Cut process. To gain a fundamental and
quantitative understanding of defect nucleation
and evolution, therefore, we present in the following
subsection a model based on continuum mechanics
theory with atomistic structure of single-crystal sili-
con being considered. Similar hybrid atomistic/con-
tinuum models have been investigated and used
recently in [15–17].

2.2. Model for defect nucleation

Single-crystal silicon wafers currently adopted
for SOI devices are generally of high quality and
have few defects. Therefore, it is reasonable to as-
sume that all the defects are induced merely by
hydrogen implantation. Consider an intrinsic void
in the silicon crystal filled by hydrogen ions and/or
molecules. According to crystalline structure in
Fig. 1, the void radius R0 can be estimated from
the crystal lattice parameter a as:

R0 ¼
ffiffiffi
3

p
a=8 ¼ 0:1176 nm; ð1Þ

which is comparable to the silicon atom radius
(0.110 nm) but much larger (140 times in volume)
than the hydrogen atom radius (0.025 nm). The
hydrogen molecules contained in these intrinsic
vacancies have been modeled as gas by Freund
[18], Varma [19] and some others. The hydrogen-
induced internal pressure p in the void is governed
approximately by the following equation for a per-
fect gas:

pV ¼ nH2
jT ; ð2Þ

where V is the void volume, nH2
is the number of

hydrogen molecules, T is the absolute temperature,
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and j = 1.38065 · 10�23 JK�1 is the Boltzmann�s
constant.

Because of its cubic crystal structure, the single-
crystal silicon is treated as a linearly elastic and
isotropic material with Young�s modulus E and
Poisson�s ratio m. At the early stage of defect nucle-
ation, the volume fraction of defects is very small
such that the effect of defect interaction is negligi-
ble and we may consider a spherical void subjected
to an internal pressure p in an infinite elastic ma-
trix. The linear elasticity solution gives the nonzero
stress and displacement components in a spherical
coordinate system (r,h,u) as

rr ¼ � pR3

r3
; rh ¼ ru ¼ pR3

2r3
; ð3Þ

ur ¼
ð1þ mÞpR3

2Er2
; ð4Þ

respectively, where R is the void radius after defor-
mation due to the internal pressure, and r the dis-
tance from the void center. Note that the void
radius R may be significantly different from its ini-
tial radius R0 (prior to deformation) due to the
high pressure p responsible for fracture of Si–Si
bonds. Therefore, we use the radius R after defor-
mation in Eqs. (3) and (4) to account for this effect
of void radius.

Then the void radius R is obtained from Eq. (4)
as

R ¼ R0 þ urjr¼R ¼ R0 1� ð1þ mÞp
2E

� ��1

: ð5Þ

Then the void volume after deformation is written
as

V ¼ 4p
3
R3 ¼ 4pR3

0

3
1� ð1þ mÞp

2E

� ��3

: ð6Þ

Its substitution into (2) gives the governing equa-
tion for the internal pressure p,

4pR3
0p

3
1� ð1þ mÞp

2E

� ��3

¼ nH2
jT ; ð7Þ

which has the following solution for p in term of
the number of hydrogen molecules nH2

and tem-
perature T:
p ¼ 4pR3
0

3
þ 3nH2

jT ð1þ mÞ
2E

� ��1

nH2
jT ; ð8Þ

under the assumption that the internal pressure p

is much less than the Young�s modulus E. Thus,
the maximum circumferential tensile stress at the
boundary of the void is given by [15]

rmax ¼ rhjr¼R ¼ nH2
jT

8pR3
0

3
þ 3nH2

jT ð1þ mÞ
E

� ��1

:

ð9Þ

Owing to the brittleness of silicon, we take a
maximum tensile stress criterion of defect
nucleation:

rmax ¼ rc; ð10Þ

where rc is the fracture stress of silicon, and is sig-
nificantly lower than the theoretical fracture stress
due to the hydrogen embrittlement effect. The
dependence of rc upon the hydrogen ion density
and temperature is still an open problem and is be-
yond the scope of this paper.

Eqs. (9) and (10) give the critical number of
hydrogen molecules for defect nucleation (fracture
of Si–Si bonds):

ncH2
¼ 8pR3

0rc

3jT
1� 3ð1þ mÞrc

E

� ��1

: ð11Þ

Examine the critical number ncH2
of hydrogen

molecules for the following representative para-
meters: Boltzmann�s constant j = 1.38065 · 10�23

JK�1, radius R0 = 0.1176nm, Young�s modulus
E = 166GPa, Poisson�s ratio m = 0.17, fracture
stress rc = 1.0GPa. Consider temperatures T =
298 and 773 K, corresponding respectively to the
room-temperature (25 �C) and thermal annealing
(500 �C). These give ncH2

as 3.2 at room tempera-
ture and 1.2 at thermal annealing. This suggests
that at room temperature (25 �C), a defect will
form at the position of an intrinsic vacancy if four
or more hydrogen molecules are located in it.
According to the theory of statistics and probabil-
ity, the density of vacancies having two or more
hydrogen molecules is much bigger than that of
vacancies having four or more hydrogen mole-
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cules. Therefore, thermal treatment will accelerate
the defect nucleation process by many times, as
will be shown later.
3. Defect density

3.1. Calculation model of defect density

The implantation dose DH of hydrogen ions in
industrial production is generally in the range be-
tween 3.5 · 1016 and 1.0 · 1017 cm�2. Experimen-
tal observations [7] shown that most hydrogen
ions are concentrated in a thin layer with thickness
tH in the range of 100–200 nm. The average num-
ber of hydrogen ions implanted in each void is

nH ¼ DH

tHnvoid
: ð12Þ

If we take the representative values DH =
1.0 · 1017 cm�2, tH = 100 nm and nvoid = 2.498 ·
1022cm�3 calculated from the crystalline parame-
ters of Si, we find that nH = 0.4, which, as ex-
pected, is lower than the upper bound 2ncH2

.
Based on the above analysis, estimate is made

for the density of defects induced by implanted
hydrogen ions, ddefect, which is defined as the num-
ber of intrinsic vacancies per unit area, resulting
from fracture of Si–Si bonds [7]. Assume that all
implanted hydrogen ions are randomly located in
all the intrinsic voids of the peak-concentration
layer. A defect forms at the site of a vacancy once
the number of hydrogen ions in it reaches the crit-
ical value 2ncH2

. Thus, the expected value of the de-
fect density can be obtained either by a statistical
analysis or Monte-Carlo simulation. Both the
methods have been adopted in our study, and their
results agree well. However, only the former is pre-
sented here because it may lead to a simple analy-
tical solution.

For the problem that hydrogen ions of number
mion = DH/tH are completely randomly located in
voids of number nvoid, mathematically, the num-
bers of hydrogen ions (or ‘‘small balls’’) in each
of the intrinsic vacancies (or ‘‘boxes’’) can be de-
scribed by a multinomial distribution. Denote Xi

as the number of hydrogen ions in the ith vacancy.
The probability for Xi = ki is given by [20]
PðX 1¼k1;...;Xnvoid ¼knvoidÞ

¼ mion!

k1!���knvoid !
1

nvoid

� �k1 1

nvoid

� �k2

��� 1

nvoid

� �knvoid
;

ð13Þ
where

ki P 0; k1 þ k2 þ � � � þ knvoid ¼ mion: ð14Þ
Substitution of Eq. (14) into (13) leads to

PðX 1 ¼ k1; . . . ;Xnvoid ¼ knvoidÞ

¼ mion!

k1! � � � knvoid !
1

nvoid

� �mion

: ð15Þ

The number of the ‘‘boxes’’, each of which con-
tains more than x balls, is designated as a function
Sðmion; nvoid; xÞ ¼

Pnvoid
a¼1 I ðX a>xÞ, where I ðX a>xÞ is the

characteristic function of Xa and defined as
I ðX a>xÞ ¼ 1 and 0 for Xa > x and Xa 6 x, respec-
tively. The mathematical expectation of S(mion,
nvoid, x) is given by

E Sðmion; nvoid; xÞ½ � ¼ E
Xnvoid
a¼1

I ðX a>xÞ

 !

¼
Xnvoid
a¼1

P ðX a > xÞ

¼ nvoidP ðX 1 > xÞ: ð16Þ

Then taking x ¼ 2ncH2
� 1 in Eq. (16), the mathe-

matical expectation value of the number density of
voids that contains hydrogen ions more than 2ncH2

is derived as

ddefect ¼ nvoidtH 1�
X2ncH2

�1

a¼0

Ca
mion

1

nvoid

� �a
2
4

� nvoid � 1

nvoid

� �mion�a
3
5: ð17Þ

Since both nvoid and mion are very large number
and mion/nvoid < 1, the number density of defects in
Eq. (17) can be calculated more easily by

ddefect¼nvoidtH 1�
X2ncH2

�1

a¼0

1

a!
mion

nvoid

� �a

exp �mion

nvoid

� �2
4

3
5:

ð18Þ



Fig. 3. Comparison of the defect density estimated from Eqs.
(18) and (19) under DH = 1.0 · 1017 cm�2.
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3.2. Examples and discussions

Eq. (18) gives an analytical expression of the
density function ddefect in a silicon wafer due to
hydrogen implantation as a function of the
implantation dose and the critical hydrogen mole-
cule numbers, ncH2

, which depends mainly on tem-
perature. Under various implantation doses, the
defect densities are plotted in Fig. 2 with respect
to ncH2

, where we take tH = 100 nm. For easier esti-
mation of defect density in SOI production, the
dependence relation of the defect density ncH2

can
be approximated by a linear or polynomial empir-
ical formula. By fitting the five curves in Fig. 2, the
following formula is obtained:

lg ddefect ¼ 19:40þ 2ncH2
ð6DH � 10�18 � 1:86Þ;

ð19Þ
which agrees reasonably with Eq. (18) in the range
of implantation dose 3.5�10 · 1016cm�2. Eqs. (18)
and (19) are compared in Fig. 3 for DH = 1.0 ·
1017cm�2.

Thus, once the temperature (or the correspond-
ing ncH2

) and the implantation dose DH are given,
the approximate defect density can be easily esti-
mated from Eq. (19). In addition, Figs. 2 and 3
indicate a strong dependence of defect nucleation
and evolution on temperature. For instance, it is
estimated from Eq. (18) that the defect density
at room temperature after implantation is only
Fig. 2. Defect density with respect to the critical hydrogen ion
number under different implantation doses of hydrogen ions.
2.88 · 109cm�2 but reaches 1.95 · 1014 cm�2 at
500 �C during thermal annealing, that is, the defect
nucleation is accelerated by about five orders by
heating. The latter number of defect number den-
sity indicates that as a direct result of hydrogen
ion implantation and thermal annealing, only a
very small fraction of intrinsic vacancies (less than
one percent) will undergo fracture of Si–Si bonds
and become defects. In other words, the splitting
of the SOI wafer is dominated by the subsequent
growth and coalescence of these microdefects,
which form microcracks. These two numbers agree
reasonably well with the transmission scanning
microscopy experimental observations [7], though
they are slightly larger than the experimental data
for several reasons discussed in the following.
First, certain fractions of implanted hydrogen ions
are located out of this thin layer, and do not cause
defects. Second, if two or more neighboring vacan-
cies form defects, they will coalesce to form a lar-
ger defect. Third, it is possible for hydrogen ions
diffuse into a defect in its neighboring vacancies,
and therefore the nucleation of a defect may im-
pede nucleation of new defects in a small neighbor-
ing region. In addition, if two defects are very near
in spacing, hydrogen ions or molecules may diffuse
from one defect into another due to their possible
difference in internal pressure. Thus one defect will
expand while the other will shrink or even disap-
pear. This is referred to as the Ostwald ripening
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mechanism [3], which also results in a decrease in
the defect number that can be observed.
4. Conclusions

Hydrogen ion implantation has been applied in
various microelectronics manufacturing processes
such as Smart-Cut technology. This paper presents
a fundamental study on some basic mechanisms
associated with hydrogen ion implantation in
SOI wafers from the mechanical and physical
viewpoints. A model for defect nucleation induced
by hydrogen ion implantation is established based
on the continuum mechanics theory accounting
for the effect of crystal structure of Si. An analy-
tical expression is given for estimating the number
density of defects. It is found that most defects
nucleate in the stage of thermal annealing, which
may accelerates the rate of defect nucleation by
four or five orders of magnitude. Considered here
is only the hydrogen ion implantation in SOI wa-
fers. However, the present method seems of inter-
est for analyzing other ion implantation processes.
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