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Abstract: A thermodynamic model of hydrogen-induced silicon surface layer splitting with the help of an oxidized

silicon wafer bonded is proposed. Wafer splitting is the result of lateral growth of hydrogen blisters in the entire

implanted-hydrogen region during annealing. T he blister growth rate depends on the effective activation energies of

both hydrogen complex dissociation and hydrogen diffusion. The hydrogen blister radius was studied as the function

of annealing time, annealing temperature and implantation dose. The critical radius was obtained according to the

Griffith energy condition. The time required for wafer splitting at the cut temperature was calculated in accordance

with the growth of hydrogen blisters.
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1 Introduction

There is a considerable interest in the process
that a thin surface layer of a hydrogen-implanted
silicon wafer is transferred onto an oxidized silicon
wafer by bonding technology. With the help of the
bonded wafer as a stiffener, a hydrogen-implanted
wafer is split by the lateral growth of hydrogen
blisters during annealing. This process has been
commercially referred to as Smart-Cut process'".
The advantages of this process are that implanta—
tion enables a high degree of uniformity of the top
silicon layer to be obtained whereas the wafer
bonding step keeps the good crystal quality of the
silicon wafer to be preserved. Since the remaining
wafer can be repolished and used again, Smart-Cut
process has the potential to produce Silicon-On-In-

sulator wafers more economically than other com—
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petitive processes such as Separation by Implanta-
tion of Oxygen (SIMOX) and Bonding and Etch-
back SOI (BESOI).

The thermal evolution of Smart-Cut process
was studied in experiments as the function of im-
plantation dose, annealing temperature and anneal-

[2

ing time'> . The growth of hydrogen blisters was
found to be related intimately to the evaporation of
trapped atomic hydrogens to molecular hydrogens
in the blisters'”. The time for large area layer
splitting after bonding is about ten times longer
than the time required to form hydrogen-induced
surface blisters in unbonded samples. T he effective
activation energies of two procedures are basically
same'”. Neither microcavity formation nor silicon
layer cleavage was observed at various annealing
schemes between 200°C and 900°C outside the win-
17

dow of hydrogen implantation dose'”. Freund'® de-

veloped a model to estimate the lower bound of im-
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plantation dose for wafer splitting with the as-
sumption of complete exfoliation. In this paper, we
established the thermodynamic model of Smart-Cut
process considering of the lateral growth of hydro-

gen blisters.

2 Criterion for Crack Growth in
Bonded Hydrogen-Implanted Si
Wafer

During implantation, the hydrogen ions collide
with silicon atoms in the implanted region and in-
teract with the existing defects (denoted as X),
such as vacancies, interstitials and their agglomer-
ates, to form hydrogen complexes X-H. During an-
nealing, some trapped hydrogen atoms dissociate
from X-H complexes and diffuse into the vacan-
cies. Sufficient hydrogen pressure is exerted on the
inner walls of blisters. With a bonded capping layer
as stiffener, hydrogen blisters with radius a will
anisotropically grow and overlap when the hydro-
gen pressure at the crack edges exceeds the frac—
ture limit of silicon wafer. According to fracture
mechanics, the opening displacement profile of the

crack face in Fig. 1 is'”
- r/a
(1

where a is the radius of a hydrogen blister, p is the

4(1= 27 |
Az =+ = +a?
u:(z = £ 0,r) Taty X .

hydrogen pressure, £ is Young’s modulus, and v is

Poisson ratio. T he volume of blisters expands with

FIG. 1  Schematic Diagram of a Planar Crack

with a Radius

the hydrogen agglomeration. Because of the evapo-
ration of trapped atomic hydrogen, the inner gas
pressure p remains to be a constant that is equiva-

lent to the fracture limit of Si wafer. By integrating

Eq. (1) over the crack area, the volume of the hy-

drogen blister is

- Wapse (2)

The radius of a blister is determined by the

ula) =

strain energy U of bulk silicon around a blister, the
crack surface energy I', and the external potential
energy W.The elastic strain energy of bulk silicon

around a blister is

Ula) = L % €0, (3)

where the strain €= u:(0) /a, the strain volume Q=
2ma’, Young’s modulus is E, and Poisson ratio is v.
T he crack surface energy of a blister is
(a,T) = 2Y(T)ma’, (4)
where ¥(T) is the surface tension as the function
of annealing temperature T. As the annealing tem-
perature T increases, the evaporation of absorbed
hydrogen on the passivated crack surface results in
the said surface energy T'(a, T') being appreciably
increased now. T he external potential energy W is
the hydrogen pressure acting through the crack
face displacement, namely
W(a) = = pu(a) ()
T hus, the total free energy of a growing hydrogen
blister is
G(a,T) = W(a) + U(a) + T(a,T) (6)
A ccording to the Griffith energy condition, the

criterion for crack growth is taken to be

Gla, T)
P 0 (7)
T herefore, the critical radius for crack is
_ mw(T)E
Qerit = (8)

0.18p°(1 = +))
Figure 2 illustrates the total free energy G(a) of a
blister reaching its maximum at the critical radius

. dG(a
awit. In the case of a< @ei, since d(u }> 0 holds,

the blister is not stable and will shrink away. How -
ever, once a =a«i, G(a) will decrease with the in—
crease of the blister radius a, and the blister can
grow. If the radius @ increases to a maximum value
leading to G(a)= 0 before wafer splitting. the blis-

ter growth will end. Thus, the maximum radius
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turns out to be

Amax = 1. S(L'ril (9)
6} T=500C
¢,= 5 x 10'/cm’
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FIG. 2 Trend of Total Free Energy for a

Growing Hydrogen Blister

3  Thermal Evolution of Hydrogen
Blisters

The growth of hydrogen blisters is driven by
the increased pressure of H:. Trapped atomic hy-
drogen dissociates from hydrogen complex X—H
with the activation energy E«of 1.8eV, and diffus—
es with the energy Eaof 0.48eV into vacancies. As—
suming that the hydrogen implantation dose is ® in
silicon wafer before annealing, and the release hy-
drogen dose is @ during annealing, then the rate of
H: generation from the implanted region is

adz(; R (10)

and the reaction rate constant is

k= _lre.xp

E.+ E4
SEEE )

where ¢ is annealing time, T’ is annealing tempera—

ture, T is phenomenological parameter, it is about
10" " s, which relates to the stretching frequency of
dissociatine X—H bond. and ks is the Boltzmann
constant. All of the release hydrogen dose should

be equal to the implantation dose ®, namely
B = _ﬁa{;, T)dt (12)

T herefore, the release hydrogen dose can be ex-
pressed as

b(1,T) = kRexp(- kt) (13)

The number N of the generated Hz thus made
available for pressurizing the opening crack should

be
N = md’ quz(;, T)dt (14)

A hydrogen blister with the volume v(a) and the
gas pressure p will be fit to the ideal gas law
pua) = NksT (15)
If Egs.(2) and (14) are substituted into Eq. ( 15),
the blister radius @ as a function of annealing tem-
perature T, annealing time ¢ and hydrogen implan—

tation dose ® will be deduced as

a(t,T,h) = k| :6'( lt’fpg;t”k”T (16)
When annealing time is long enough, namely ¢=
o, there should exist a relation of

a(, T, R) = an (17)

If we take typical parameters of E= 1.66X10"N/
m’, v=0.29,p = 5X10°N/m’, ®= 5% 10"/cm’ in
Eq. (17), the crack surface tension of a blister ¥
(T) can be estimated to be about 0. 1—0. 2]/m" at
temperatures of 450—700°C. Based on above pa-
rameters, typical curves of the blister radius for
Eq. (16) are illustrated in Fig. 3, where the hydro-
gen blister radius increases very slowly at anneal-
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FIG.3 Thermal Evolution of Hydrogen Blister

as a Function of Annealing Time with Same Im-
plantation Dose 5X 10"/em” but at Different An—

nealing Temperatures

ing temperature below 450C.Figure 4 indicates
that the radius of the hydrogen blister grows with
annealing temperature, where the radius increases

rapidly at the temperature of about 500°C with the
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same annealing time 10’s while for different im-
plantation doses. The growth of hydrogen blister
depends on the activation energy F. and the diffu-
sion energy Ea below about 540°C. As annealing
temperature goes higher than about 540°C, the vol-
ume of hydrogen blister will expand with the in-
crease of annealing temperature. It implies that all

of implantation dose has been released before about

540°C.
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FIG.4 Thermal Evolution of Hydrogen Blis-

ter as a Function of Annealing Temperature
with Same Annealing Time 10°s but for Dif-

ferent Implantation Doses

When implanted-hydrogen Si wafer begins to
be splitting, the radius of the growing hydrogen
blister should be equal to the ecritical radius for
crack, namely

a(t, T, d) = Qerit (18)
Therefore, the splitting time as the function of the
cut temperature is expressed as

E.+ E,

kel L=

In

S |
Ty = 10" “exp TR

(19)
where crack surface tension may be phenomenolog-
ically expressed as ¥(T)= 1.5X 10" *T+ 5X 10 °J/

m’ according to Eq. (17). Figure 5 indicates the
curves of splitting time as the function of annealing
temperature for different implantation doses. The
splitting time will become shorter at the fixed cut
temperature with the increase of the hydrogen im-

plantation dose.
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FIG.5 Time Required to Wafer Splitting as

a Function of Annealing Temperature for

Different Implantation Doses

4 Conclusion

The study provides important process parame—
ters concerning hydrogen-induced silicon surface
layer cleavage. T he hydrogen blister radius increas—
es to a maximum value after enough annealing
time. T he hydrogen blister radius in hydrogen-im-
planted Si wafer increases rapidly at 500°C for any
fit implantation doses. The time for wafer splitting
as the function of cut temperature mainly depends
on both the activation energy and the hydrogen dif-
fusion energy. T he splitting time is shorter for the
hydrogen-implanted Si wafer with a high implanta-
tion dose than for that with a low implantation

dose.
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