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Silicon wafers were first implanted at room temperature by B1 with 5.031012 to 5.031015 ions/
cm2 at 180 keV, and subsequently implanted by H2

1 with 5.031016 ions/cm2 at an energy which
locates the H-peak concentration in the silicon wafers at the same position as that of the implanted
boron peak. Compared to the H-only implanted samples, the temperature for a B1H coimplanted
silicon layer to split from its substrate after wafer bonding during a heat treatment for a given time
is reduced significantly. Further reduction of the splitting temperature is accomplished by
appropriate prebonding annealing of the B1H coimplanted wafers. Combination of these two
effects allows the transfer of a silicon layer from a silicon wafer onto a severely thermally
mismatched substrate such as quartz at a temperature as low as 200 °C. ©1998 American Institute
of Physics.@S0003-6951~98!00301-5#
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Wafer bonding opens up new design possibilities for
fabrication of various material combinations including sing
crystalline semiconductor on insulator~SOI! materials. Sili-
con on oxidized silicon, silicon on glass, and silicon carb
on glass or on oxidized silicon have been realized by wa
bonding of hydrogen implanted silicon wafers and lay
splitting due to the formation of hydrogen implantatio
induced microcracks parallel to the bonding interface~the so
called ‘‘smart-cut’’ method!.1–5 However, except in the
above cases where only a small difference in the ther
expansion coefficients between the silicon and the respec
substrates is present, other material combinations usu
suffer from excessive thermal stresses due to thermal
match between the silicon and the dissimilar substrate du
annealing for layer splitting. For Si on Quartz~SOQ!, at
room temperature the thermal expansion coefficient of s
con is 2.5631026/°C while that of fused quartz is only 0.
31026/°C. A bonded 4 in. standard Si/quartz pair~both of
;525 mm in thickness! will therefore crack if the tempera
ture considerably exceeds 200 °C. Since the splitting te
perature in the smart-cut process of silicon is typica
around 500 °C,2,3 the silicon wafer in the bonded Si/quar
pair has to be thinned down sufficiently (,150mm! to avoid
cracking of the bonded pair during the silicon layer splitti
process. However, by this approach involving thinning of
silicon wafers a main advantage offered by the smart-
method is lost, namely that extensive lapping and etchin
remove most of the substrate is avoided and the subs
from which the silicon layer is transferred can be reused. T
normal smart-cut method is therefore virtually not applica
for realizing layer transfer onto dissimilar substrates wh
exhibit a large difference in thermal expansion coefficien
Therefore, an approach termed ‘‘smarter-cut’’6 which em-
ploys a lower temperature silicon layer splitting technolo
is highly desirable.

In this study, 4 in.,~100!, CZ, p-type, boron~B! doped
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(;731015 cm3) silicon wafers covered with a 1500 Å the
mal oxide layer were used. H2

1 ions were implanted at 129
keV with a dose of 531016 cm22. We found that for a given
annealing time the splitting temperature decreases with
doping concentration. Since the times required to fo
hydrogen-induced optically detectable blisters on the
implanted unbonded silicon wafers are a measure of the
quired splitting time,7 we determined these times for H im
planted silicon wafers uniformly doped with various
concentrations as a function of temperature as shown in
1. n-type silicon with phosphorous~P! doping concentration
of 12531018 cm23 does not show the same effect as c
also be seen from Fig. 1. The time for large area lay
splitting after bonding is about ten times longer than that
the formation of optically detectable surface blisters, but
effective activation energies for the two procedures rem
the same.7

Generally, for most device applications a lightly dop
Si layer is required. In this case, the B doping effects can

.

FIG. 1. Time required to form H implantation-induced optically detecta
surface blisters on H-implanted, uniformly doped Si wafers~with phosphor-
ous or boron concentrations as indicated! as a function of inverse absolut
temperature.
499/3/$15.00 © 1998 American Institute of Physics
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realized by using a lightly doped epitaxial layer on a heav
B-doped substrate or by implanting B into a lightly dop
silicon wafer, followed by annealing to activate the dopa
and finally by an H implantation with the depth of its pe
concentration aligned to the depth of the peak concentra
of the implanted boron. In our case, H2

1 ions were im-
planted at 129 keV to locate the H peak at the same pos
as the B peak, which was implanted at 180 keV. After sp
ting, the boron concentration in the transferred silicon la
can be reduced to a normal level by a thermal oxidat
and/or a light polishing step. Surprisingly, when the therm
treatment to electrically activate the implanted B atoms h
not been performed, a much greater reduction of the t
perature required to form optically detectable surface blis
for a given annealing time~termed blistering temperature! is
observed, even at a B dose as low as 531012 cm22. The
blistering temperature decreases with B dose monotonic
and quickly at low B doses. This decrease slows down a
doses beyond about 2–531014 cm22. Figure 2 shows the
experimental results of the change of the blistering temp
ture as a function of B dose when annealing time is fixed
1 min. Compared to the silicon samples having electrica

FIG. 3. Time required to form optically detectable surface blisters dur
annealing at 200 °C on B1H coimplanted silicon samples as a function
time of preannealing at 250 °C.

FIG. 2. Change of temperature required to form optically detectable sur
blisters in hydrogen-implanted silicon for a fixed annealing time of o
minute as a function of dose of boron implanted before the hydrogen
plantation. For very low boron doses their values are given individually
the graph.
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active B concentration of;231019 cm23, the silicon
samples implanted~with electrically inactive B with a dose
of 531014 cm22 at 180 keV which generates the same
concentration of 231019 cm23 at the implantation peak!
showed a 50% higher reduction in splitting temperature a
subsequent H2

1 implantation at 129 keV with a dose of 5
31016 cm22 to both samples.

g

FIG. 4. Cross-sectional high resolution transmission electron microgra
of ~a! a B1H as-co-implanted~100! Si sample and~b! a H only as-
implanted~100! Si sample. Platelets on~100!, which is parallel to the sur-
face, and on~111! planes can clearly be seen. Direction of electron beam
^011&.
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In order to avoid cracking of standard 4 in.-diame
bonded Si/quarts pairs a splitting temperature of;200 °C is
required. Based on our recently developed low tempera
bonding method the bonding strength of a Si/quartz pair a
200 °C annealing can reach a value of half of the silic
fracture strength.8 This bonding strength is adequate to pr
vent blistering of the B1H implanted silicon layer at the
bonding interface and to transfer the silicon layer on qua
at 200 °C. However, it will take more than 50 h to split th
silicon layer at 200 °C by using the B1H coimplanted Si
wafers with a B dose of 531014 cm22. For a further reduc-
tion of the splitting time, preannealing of the unbonded B1H
coimplanted silicon wafers was performed at 250 °C for
min without generation of optically detectable blisters
bubbles on the silicon surface. As can be seen from Fig
the time needed at 200 °C for the generation of optica
detectable surface blisters on the pre-annealed sampl
only ;10% of that required by silicon wafers without th
preannealing. A possible increase of the surface wavines
the preannealed wafers is tolerable since the attraction f
between the two wafers can elastically deform both wafer
conform to each other. The full Si layer was transferred o
a 4 in. quartz wafer at 200 °C and both the Si wafer and
quartz wafer were perfectly preserved without any cracki

It is clear that electronic holes in the B1H coimplanted
silicon wafers were not involved in lowering the splittin
temperature since the implanted B had not been electric
activated. The stresses introduced by the implanted or
stitutionally incorporated B atoms in silicon are not essen
for the effect, because the same lowering effect as show
Fig. 1 was also observed for H-implanted strain-free B–
codoped silicon. Therefore, we speculate that the implan
B atoms themselves and the defects generated by the B
plantation play a crucial role in lowering the splitting tem
perature. It was determined by the Monte Carlo simula
TRIM-95 that each implanted B ion can generate;400 va-
cancies and silicon interstitials. In contrast to shallow d
nors, shallow-acceptors as well as structural defects in
con are known to trap or getter hydrogen with a hi
efficiency.9 It was reported that each B atom in silicon c
trap a cluster of up to 12 hydrogen atoms.10 The preexisting
large concentration of point defects and B atoms then co
give rise to a large amount of hydrogen traps. These tr
may act as nucleation sites for the platelet formation in s
con. The platelets, in turn, lead to microcracks during
nealing due to indiffusion of hydrogen atoms and molecu
Appl. Phys. Lett., Vol. 72, No. 1, 5 January 1998
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hydrogen formation and finally lead to layer splitting. Cros
sectional high resolution transmission electron microsco
~HRTEM! images in Fig. 4 clearly show that the density
favorable~100! platelets parallel to the surface in B1H as-
coimplanted silicon@Fig. 4~a!# is remarkably higher than tha
in H only as-implanted silicon samples@Fig. 4~b!#. In addi-
tion, the density of~111! microcracks inclined to the~100!
surface is clearly much lower in the B1H coimplanted
samples. We also found that under the same implant co
tions, no significant effect can be observed if B is implant
after the H implantation.

In summary, we have found that defects generated
ion implantation in Si prior to H implantation can signifi
cantly reduce the splitting temperature of hydrogen i
planted and wafer bonded silicon. Boron appears to be on
the best choices for the prebonding implantation because
addition to generating a high number of point defects
implanted B ion, B atoms themselves may trap a cluste
hydrogen atoms and both processes are likely to assist p
let nucleation and microcrack growth. Based on these effe
a smarter-cut approach has been developed which can s
H-implanted silicon wafer at a temperature as low as 200
This approach has successfully been used to transfer sil
layers from silicon wafers onto severely thermally m
matched substrates such as quartz or sapphire.
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